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Povzetek
V tem delu analiziramo možne efekte fizike izven SM-a v semileptonskih b→ c`ν tranzicijah. V
zadnjih letih so postala razvejitvena razmerja razpadov B → D(∗)`ν eksperimentalno dosegljiva
in zdaj služijo kot pomembni testi SM-a. Bolj precizne študije nestandardnih efektov zahtevajo
preračunavanje in meritve kotnih opazljivk. V skladu s tem predstavimo nekaj novih opazljivk,
ki ne vpeljejo velikih hadronskih napak in razložimo njihovo občutljivost na efekte trenutno
dovoljenih vrednosti sklopitev nove fizike.
Analiziramo nekaj nedavnih implikacij BaBarove objave presežka v prehodih b → cτν nad
pričakovanji SM-a. Vključimo tudi tenzije v prehodih b → u in ta nestrinjanja interpretiramo
kot znake kršitve univerzalnosti leptonskih okusov (LFUV) v interakcijah ki vključujejo tretjo
generacijo leptonov in kvarkov SM-a. Vpeljemo niz višje dimenzionalnih efektivnih operatorjev,
ki lahko prinašajo take efekte in preučimo njihove implikacije znotraj njihove ÔÕMinimal Flavour
ViolatingÕÕ (MFV) strukture in znotraj bolj splošne okusne strukture. Preučimo tudi nekaj
eksplicitnih modelov v katerih se ti operatorji lahko ustvarijo.
Nato preučimo scenarij, ki vključuje lahek obarvan skalarni leptokvark v reprezentaciji SM-a
(3, 2)7/6 in vpeljemo minimalni nastavek za njegovo sklopitev Yukawa na fermione SM-a. Nas-
tavek se lahko konsistentno vstavi v teorije poenotenja. Pokažemo tudi, kako se lahko BaBarova
anomalija razloži v tem modelu. Nekaj implikacij tega scenarija izpeljemo tudi za nizkoenergijske
fenomenologije.
Ključne besede: Semileptonski razpadi mezona B, mezon B in nova fizika, efektivne teorije in nova fizika,
indirektne omejitve nove fizike.
PACS: 13.20.He, 14.80.Fd, 14.80. Sv, 12.15.Ji, 12.39.Hg.
Abstract
We study possible effects of the physics beyond the Standard Model (SM) in semileptonic b→ c`ν
transitions. The branching ratios of the decay channels B → D(∗)`ν became experimentally
accessible and now serve as important tests of the SM. These transitions may host accessible new
physics. More precise studies of the non-standard effects require evaluations and measurements of
angular observables. Correspondingly, we introduce several new observables that do not involve
large hadronic uncertainties and we illustrate their sensitivity to the effects of the currently
allowed values of new physics couplings.
We analyze some possible implications of excess over the expectations of the SM in b →
cτν transitions, reported by the BaBar Collaboration and also some older studies performed
by the Belle Collaboration. We include the tensions in the b → u transitions and interpret
these disagreements as the signs of the Lepton Flavour Universality Violation (LFUV) in the
interactions that involve the third generation of SM leptons and quarks. We introduce the
set of higher dimensional effective operators that can source such effects and investigate their
implications within their Minimal Flavour Violating (MFV) structure and within more general
flavour structure. We also consider several explicit models in which these operators can be
generated.
We then study the scenario that involves light colored scalar leptoquark in the SM represen-
tation (3, 2)7/6 and introduce the minimal ansatz for its Yukawa couplings to the SM fermions.
The ansatz can be consistently embedded into the GUT framework. We show how the disagree-
ment between the BaBar’s finding and the theory can be accommodated in this model. We also
derive several implications of this scenario for the low energy phenomenology.
Key Words: semileptonic B meson decays, B mesons and new physics, effective theories and new physics,
indirect constraints on new physics.
PACS: 13.20.He, 14.80.Fd, 14.80. Sv, 12.15.Ji, 12.39.Hg.
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The Standard Model (SM) theory of elementary particles is a remarkable scientific achievement.
It unifies electromagnetic and weak charged current interactions and consequently results in
prediction of the existence of new interactions between neutral currents. It describes most of the
observed natural phenomena to high precision. Nonetheless, it involves some puzzling features
that motivate the search for a more fundamental description [1]. The role of flavour physics in
these endeavors is well distinguished.
Decays of mesons mediated by weak interactions are a rich source of knowledge about the
dynamics of the SM. They are used for determination of the parameters in the flavour sector and
for probing the inevitable non-perturbative dynamics of strongly coupled QCD. They also play
important roles in searching for possible deviations from the SM predictions that could serve as
road signs towards the physics Beyond the Standard Model (BSM). Together with the mixing
phenomena and electromagnetic moments of particles, these processes give strong constraints to
the BSM, and push the scale of validity of the SM ever higher [2, 3].
In this work we study the semileptonic decays of heavy B mesons mediated by the charged
currents. These decays became experimentally accessible in last several decades and have been
extensively studied at the B-factories. These experiments produce a large number of B mesons
through the process e−e+ → Υ(4S) → B0B̄0.1 At present, the most important B-factories are
KEKB with Belle Collaboration and PEP-II with BaBar Collaboration. The two collaborations
have performed large amount of remarkable work in precisely testing the SM theory. With the
advent of the Large Hadron Collider (LHC), the LHCb experiment joined the leading flavour
laboratories and has large potential to perform many interesting measurements. In particular,
their measurements of the branching fraction of the rare decay Bs → µ+µ− [5] and the CP
violating phase φS in decay B0s → J/ψφ [6] already give strong constraints to the new physics
effects.
The weak meson decays are inevitably dressed in long-distance non-perturbative QCD in-
teractions. Any research in this area requires the knowledge of matrix elements of the currents
between hadronic states. The sole ability to search for the short distances effects is provided
by the effective field theory, more precisely the factorization of short distance effects through
the operator product expansion (OPE), which gives the following form of the effective weak










that is here suitably normalized to Fermi’s effective coupling. Amplitudes for the transitions
from the initial to the final meson states are then given by





The coefficients Ci(µ) are effective couplings that are often called Wilson coefficients, by the
name of K.G. Wilson, whose work in understanding the effective field theory is of paramount
importance. The Wilson coefficients contain contributions of the short distance perturbative
interactions, while the matrix elements of operators are shaped by the non-perturbative QCD
dynamics. The strategies to evaluate these matrix elements are many-fold and include: QCD
sum rules, chiral perturbation theory, heavy quark effective theory, large-N expansions and QCD
defined on the spacetime lattices, or some combinations of these methods. All calculation meth-
ods necessarily involve some approximations which lead to uncertainties in the final results. In
some cases these uncertainties are hardly controlled. Lattice QCD is a systematic and well con-
trolled approach, based on first QCD principles and has produced large number of important
results. Other approaches can give many insights into the strongly coupled theory. They rely
on various approximations whose effects on the uncertainties in final results are hard to asses,
in some situations. Despite the rapid progress, both in Lattice QCD and in other approaches,
there is a number of yet unresolved problems related to the dynamics of meson decays. It is im-
portant to search for the presence of non-standard effects in processes in which the uncertainties
in evaluations of the SM contributions can be well controlled. We expect that the decays that
involve the semileptonic transitions b→ c`ν̄ would be are among such processes.
Interactions of quarks and leptons exhibit many interesting features. The decay of a quark
to another quark of the same electric charge is much less likely than the decay of that quark
to another quark of the different charge, that is to say the Flavour Changing Neutral Current
(FCNC) interactions are highly suppressed in Nature. For example, the branching fraction
Bri ≡ Γi/Γtotal for the decay process K+ → µ+νµ is by factor 1011 larger than the branching
fraction of the process K0L → µ+µ−. The first process involves the transition between strange
and up quarks, while the second process is mediated by the transition between strange and down
quark. The analogous feature is also evident in the leptonic sector. Amplitudes for the FCNC
processes are absent at leading (tree) level, 2 and first arise in one-loop Feynman diagrams,
in which they are additionally suppressed due to unitarity of the quark mixing matrix. This
mechanism was first understood by Glashow, Iliopoulos and Maiani [8] and goes under the name
of GIM mechanism. Since the BSM scenarios usually introduce the plethora of new sources of
flavour violation, it is commonly believed that the BSM effects might be first seen in rare, loop
induced processes. Then the processes for which the leading effects arise from the tree level were
used to fix the parameters of the CKM matrix. However, the tree level processes are currently
equally suitable candidates for the BSM searches. The CKM matrix reconstructed (fitted) from
tree level and loop-induced processes in the SM match to good accuracy.3
In this work we concentrate on the semi-leptonic decays B → D`ν` and B → D∗`ν`. These
decays are mediated in the SM by the exchange of a W boson between the corresponding vector
minus axial (V-A) leptonic and hadronic currents. The corresponding branching ratios are of
2some exceptions are given in the Ref. [7]




the order (1− 2)%. Although previously analyzed mainly for the determination of Vcb, element
of the CKM matrix (see e.g. [11]), these decays are actually interesting from the perspective of
searches of the BSM effects. Processes that involve ` = τ lepton in the final state include new
kinematical and dynamical effects which are absent in the case of light charged leptons ` = e, µ.
These modes are sensitive to the contributions of intermediate charged Higgs bosons which are
part of several different extensions of the SM scalar sector.
It is expected that the hadronic uncertainties can be in a reasonably controlled by using
several simplifications that arise in systems that contain one heavy quark. In the limit in which
the mass of the heavy quark goes to infinity (static limit), the new flavour and spin symmetries
arise, which are the ground for construction of the Heavy Quark Effective Theory (HQET). In
this framework corrections to the static limit, which are of order of the inverse power of heavy
quark mass can be systematically calculated. Another simplification is the asymptotic freedom
of QCD which enables the perturbative calculations of radiative corrections to the couplings of
this effective theory. These corrections arise from the virtual gluons that correspond to short
distances of the order of the inverse mass of the heavy quark. At these distances the gauge
coupling of QCD is small enough for the perturbation theory to be applicable. Although one is
not able to predict the form factors in HQET, this framework relates different matrix elements
and thus reduces the number of unknown form factors to a small set of universal functions. These
may be further studied using several methods such as Lattice QCD or QCD Sum Rules. Due to
the current computational limitations, it is not possible to directly simulate on the lattices the
propagating beauty quarks, however several strategies circumvent this difficulty, see e.g. [12].
Observables extensively studied in the B → D(∗)`ν` processes are the branching fractions of
the decays that involve τ leptons, normalized to the corresponding branching fractions of the
decays that involve the light leptons in the final state [13, 14], namely
R(D) =
Br(B → Dτν)
Br(B → D`ν) ,
R(D∗) =
Br(B → D∗τν)
Br(B → D∗`ν) .
(1.3)
The CKM matrix element and, to some extent, the hadronic uncertainties, cancel out in such
ratios. The BaBar Collaboration recently performed measurements [16, 17] of these quantities
and found a significant excess wrt to the SM expectations, [13], [14]. This disagreement generated
considerable interest in the b→ c transitions in the literature. We shall study some of the possible
implications of this "anomaly" in the third chapter. First, we shall interpret these results as signs
of Lepton Flavour Universality Violation (LFUV) and study some implications of this possibility.
Then, we shall interpret the results within the model that contains the light scalar leptoquarks
and may originate from the Grand Unification Theory (GUT) framework.
Measurements of the branching fractions are sufficient for the determinations of the CKM
matrix element Vcb. More precise probes of BSM effects require additional observables which can
be derived from the complete decay distributions. We perform the full angular analysis of the
processes and point out several observables which are sensitive to the non-standard effects and do
not involve large hadronic uncertainties. The information about these observables is lost after one
performs the integrations over the kinematical variables, and is not accessible from the branching
fractions. The complete five-fold differential decay distribution for the process B → D∗`ν`
includes the terms which are proportional to imaginary parts of interferences between certain
helicity amplitudes. These terms are vanishing in the SM, due to reality of all helicity amplitudes,
and were neglected in previous literature. In the second chapter we shall construct the observable
that is proportional to these terms and that can be reconstructed from the angular distribution.
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The experimental finding of the deviations from the vanishing value of this observable would
signal the presence of the imaginary phases in the BSM couplings relative to the SM value Vcb.
1.2 Standard Model
The Standard Model is a non-Abelian gauge theory that describes interactions of all observed
fields of spin 0, 1/2 and 1. It is based on the gauge group SU(3)c×SU(2)L×U(1)Y , where SU(3)c
is a gauge group of QCD, the SU(2)L factor denotes the symmetry group of weak isospin, and
U(1)Y is a group of hypercharge. Correspondingly, there are twelve gauge bosons, eight gluons
(g) of SU(3)c, and four electroweak bosons: W±, Z0 and photon (γ). All available experimental
data about electroweak and strong processes until this date are in agreement with the predictions
of this theory. Several observations point towards the incompleteness of the theory and motivate
the search for its extensions. Also, there are a few hints of disagreements with measurements
which are still inconclusive but deserve further studies.
The SM finds its early roots in Fermi’s effective theory of nuclear beta decay that was pro-
posed in the thirties and involves current-current interactions in single vertices. The model was
developed in the fifties to include parity violation with the V-A structure of the currents. Al-
though it well describes weak processes at low energies, it breaks down at high energies, because
it involves Fermi’s coupling constant which has negative mass dimension. 4. Soon after its foun-
dation, its microscopic origin was found in the model that contains the massive intermediate
vector bosons. The implementation of this model in a non-Abelian gauge theory was the natural
next step, but was being obstructed, at first, by the fact that such gauge theories contain spin one
bosons which are massless. However, it turned out that there exists a deformation of the gauge
theories in which gauge bosons gain masses. This crucial development in the SM arrived through
the Brout-Englert-Higgs (BEH) mechanism. Introduction of the scalar field in the fundamental
representation of SU(2)L and with suitable hypercharge leads to massive gauge bosons when the
particular component of this scalar field has the constant background value v in the vacuum.
Parallel to this development, it was found that the weak and electromagnetic interactions "unify"
in the gauge group SU(2)L × U(1)Y . The W± and Z bosons gain masses through the Higgs
mechanism, while photons remain massless. It is said that there is a spontaneous symmetry
breaking (SSB) of gauge symmetry SU(2)L × U(1)Y to the gauge group of electromagnetism,
U(1)em. The SSB is then communicated to fermions via their Yukawa couplings to the Higgs
field. The dimension-full scale v = 174 GeV of the Fermi’s model is identified with the vacuum
expectation value of the Higgs field. The BEH mechanism in the SM implies the existence of
the scalar Higgs boson, which had been the last unobserved particle of the SM for decades. Its
discovery at mh ' 126 GeV in 2012 at Large Hadron Collider (LHC) in CERN by ATLAS and
CMS collaborations is considered as a great success of experiment and the standard theory.
However, the SM is almost certainly not the complete story. It is important to keep in mind
that there are several experimental observations that require extensions of the minimal SM with
the BSM terms. Neutrino oscillations are by now a well established observational fact that
requires massive neutrinos, while they turn out to be massless with the SM’s particle content.
Secondly, there is currently one baryon per a billion of photons in the observed Universe, and
there is no evidence of regions in the Universe that contain anti-baryons and anti-leptons. One of
the conditions for the generation of baryon asymmetry is the presence of CP violation (CPV) in
the early Universe. It turns out that the amount of CPV in the SM is not enough to explain this
observation. Several evidences for the existence of cold dark matter appeared in recent decades.
The SM does not provide any non-baryonic dark matter candidate.
4see the neat explanation in the book [18]
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It is also worth mentioning some of the current experimental hints for the BSM effects. There
is a discrepancy with the SM predictions for the measured forward-backward asymmetry in tt̄
production, see e.g. [19]. The BaBar measurement of the semi-tauonic B to D(∗) transitions
[16] shows the 3.4σ excess over the theoretical expectations. We shall return to this discrepancy
several times during this text. Measured anomalous magnetic moment of muon, (g − 2)mu (see
e.g. [20, 21]) is at around 3σ level of discrepancy with the SM predictions, and may bring some
exciting surprises when the new experiments, like Fermilab’s Muon g − 2, perform more precise
measurements.
Besides the mentioned motivations for NP, which are based on observations, the SM has
several features which are theoretically unsatisfying. The sole existence of the electroweak (EW)
scale of order 102 GeV is perplexing. As was first noted by K. Wilson, the elementary scalar
fields are unnatural - corrections to their Lagrangian mass parameters are quadratic in the cut-
off scale, which means that masses of scalar particles are highly sensitive to the details of the
ultra-violet (UV) dynamics. Subsequently, fine tuning of the electroweak scale v is needed in
order to result in observable, physical Higgs boson mass. It is believed that there should be
BSM mechanism(s) that stabilize the EW scale. The most popular mechanism involves a low
energy supersymmetry, which also offers candidates for dark matter particles. However, even
if the EW scale is stable, it is hard to find theoretical explanation for its smallness in Planck’s
units. This fact is known as the gauge hierarchy problem. Other popular programs with aim of
naturally explaining the lightness of EW scale are based on the idea that the Higgs scalar is a
pseudo-Nambu-Goldstone boson of some broken global symmetry group of a strongly interacting
theory. Most extensions of the SM that address the naturalness problem require new particles
with masses around the scale of 1 TeV, which gives hope that they will be soon observed. There
also exist other unresolved hierarchy problems, like the problem of dark energy (cosmological
constant), which is responsible for the current accelerated expansion of the Universe. There
appears no reason why should vacuum energy of all fields normalize very tiny measured value.
The progress in resolving this problem is very slow and neither of the popular extensions of
the SM solves it. Another hierarchy problem is the strong CP problem, which is related to the
observed smallness of CP violation in QCD. The SM also does not shed light on the repetitions
of fermion representations, nor patterns of fermion masses and mixing. The running of the gauge
couplings of the SM at shorter distances suggests their unification at some high energy scale,
which is not achieved with the field content of the SM. There should be additional degrees of
freedom with low enough masses to achieve this unification. The embedding of the SM gauge
group into larger gauge group of GUT also naturally exhibits the cancellation of the SM’s chiral
gauge anomalies, which seems rather accidental from the point of view of the SM alone.
All of the mentioned shortcomings motivate the persistent search for physics beyond the SM.
Strategies for these searches are twofold: direct searches at high energy colliders produce new
states and identify them, while indirect searches are based on precisely identifying the effects of
off-shell intermediate states on low energy phenomena. There is a large number of low energy
processes in flavour physics that put stringent constraints on the effects of NP. There is wealth
of observed physical phenomena the quantum dynamics of whom is not yet fully understood.
The problems include intricate large distance QCD effects: confinement and chiral symmetry
breaking, understanding of non-perturbative matrix elements, behavior of matter under the
extreme conditions relevant to the early Universe. In this respect the SM is an "unfinished
symphony" with many of its properties yet to be understood.
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1.3 Flavour and its puzzles
Flavours are repetitions of the fermion particles with identical SM gauge group quantum num-
bers, identified by generation index i = 1, 2, 3. The quark flavours are given by the following
representations under the SM gauge group
qLi(3, 2, 1/6), uRi(3, 1, 2/3), dRi(3, 1,−1/3). (1.4)
In this notation, the first and second number in the brackets label the dimensions of represen-
tation under SU(3)c and SU(2)L respectively, while the third number labels the hypercharge,
U(1)Y . The hypercharge is normalized so that the electric charges of particles, after the SSB, are
given by Q = T3 + Y , where T3 denotes the corresponding isospin component. Letters L and R
label the left and right handed Weyl fermions. The SM is a parity violating (chiral) theory since
the left handed and right handed fermions residue in different representations of SU(2)L×U(1)Y .
However, the potentially hazardous chiral gauge anomalies all cancel within each generation of
leptons and quarks, see e.g. [22].
The leptonic sector is built out of three copies of left-handed lepton doublet and right-handed
singlet in the following SM representations
LLi(1, 2,−1/2), eRi(1, 1,−1). (1.5)
The unobserved right handed neutrinos are SM’s singlets (1, 1, 0) and they traditionally do not
appear in the spectrum of the theory. The part of the SM Lagrangian that describes quark
sector’s flavour is
L(q) = q̄Lii6DqLjδij + ūRi6DuRδij + d̄Ri6DdRδij + (Yu)ij q̄LiuRjH̃ + (Yd)ij q̄LidRjH + h.c. (1.6)
First three terms in this Lagrangian are the usual kinetic terms with suitable covariant derivatives
and are flavour diagonal in the interaction basis. This means that the gauge mediated transitions
between different generations of quarks are absent. These terms violate both charge (C) and
parity (P). However, one can choose the CP transformations of W fields in such a way that the
CP is conserved, see e.g. [23]. Second and third term in (1.6) are Yukawa terms and are generally
flavour non-diagonal. These interactions introduce the flavour- and the CP-violation (CPV) in




































These are complex, three by three matrices. One readily checks that the Yukawa Lagrangian
conserves CP if and only if the mass matrices are real, see [23]. Since this condition is basis-
dependent, it is enough to find a single basis in which this condition is satisfied.
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Although any basis of fields is physically equivalent to any other, the so called physical basis
is preferred, because in that basis the mass matrices are diagonal and correspond to the masses
of quarks. Each mass matrix can be diagonalized by two unitary matrices:
UuL m
u Uu†R = diag(mu,mc,mt) ≡Mu
UdL m
d Ud†R = diag(md,ms,mb) ≡Md.
(1.10)
Now we ought to express the kinetic part of the Lagrangian in terms of quark fields in the physical
basis. One can verify that all neutral current terms (which involve two quarks of the same charge,
up-up or down-down type) remain flavour diagonal in the physical basis, due to unitarity of the
transformations Uu,dL,R. In the example
d̄R,ji6DdR,j → d̄′R,k(UR)k,ji6D(U†R)j,kd′R,k = d̄′R,ki 6Dd′R,k. (1.11)
The primes label the fields given in the physical basis. Let us now rewrite charged current terms



















We introduce the unitary Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix [24]
VCKM ≡ Uu†L UdL, (1.13)







′W+µ + h.c. (1.14)
The CKM matrix controls the transitions between different flavours in the physical basis. We
would like to know how many physically relevant parameters does VCKM contain. General
complex n × n matrix has 2n2 parameters, while the unitary n × n matrix has n2 parameters,
because of n2 relations between parameters that result from the unitarity condition. Real unitary
matrix is just an orthogonal matrix parametrized by n(n−1)/2 angles. In other words, a unitary
matrix has n(n− 1)/2 angles and n2 − n(n− 1)/2 = n(n+ 1)/2 imaginary phases. Some of the
phases can be eliminated by the U(1) redefinitions of quark fields, i.e. elements of the first





In the same way, n−1 components of the first row can be made real by redefining the down-type
fields, so that 2n− 1 phases can be removed leaving n(n− 1)/2 physical angles and n(n+ 1)/2−
(2n−1) = (n−1)(n−2)/2 physical phases. In the case of two generations (n = 2) there appears
single (Cabibbo) angle and not a single phase. In this case the theory is CP conserving. In the
case of three generations there are three physical angles and one CP violating phase δ, known
as the Kobayashi-Maskawa phase. That the CPV in the SM with three generations arises from
single physical imaginary phase is the famous Kobayashi-Maskawa mechanism [24] which has
been confirmed as a main source of CPV by analyzing the rich amount of experimental data
coming from B-factories (see e.g. lectures [3]).
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The CKM matrix can be parametrized in many physically equivalent ways, and the popular
one is the so-called standard parametrization given by the Particle Data Group (PDG) [25], in
terms of three angles θ12, θ13, θ23 and the phase δ13
VCKM =
 c12c13 s12c13 s13e−iδ13−s12c23 − c12s23s13eiδ13 c12c23 − s12s23s13eiδ13 s23c13
s12s23 − c12c23s13eiδ13 −c12s23 − s12c23s13eiδ13 c23c13
 . (1.16)
L. Wolfenstein proposed a convenient approximation of this matrix, with each element expanded
in terms of sine of Cabibbo angle [26], λ ≡ s12 ' 0.22. The expansion to the third order is given
by
VCKM =
 1− λ22 λ Aλ3(ρ− iη)−λ 1− λ22 Aλ2
Aλ3(1− ρ− η) −Aλ2 1
 . (1.17)
The SM breaks parity maximally (by the particle content), so it is reasonable to ask about the
amount of CPV in this theory. The parametrization of CKM matrix given in (1.16) is only one
among possible parametrizations, since the basis of fields can be rotated to yield another matrix
and the convention on the phase can be changed. It is convenient to find a measure of CPV which
is basis and parametrization independent. Such a measure is given by the Jarlskog’s determinant
[27], which is defined as the determinant of the commutator of mass matrices
C = −i det([mumu†,mdmd†]). (1.18)
This determinant can be calculated in terms of quark masses and CKM elements with the use








L and the analogous relation for down-type
quarks. The result is
C = J × (m2t −m2c)(m2t −m2u)(m2c −m2u)(m2b −m2s)(m2b −m2d)(m2s −m2d). (1.19)
The term J = |Im(ViαV ∗jαVjβV ∗iβ)| can be expressed in several ways which all give equal result
up to a sign. It can be proved that the theory is CP violating if and only if C 6= 0, [23, 27].
The Jarlskog’s determinant, normalized to the appropriate power of electroweak scale, results
in very small dimensionless number C̃ ≡ C/v12 = 10−22. This number quantifies the flavour
hierarchy which is not explained in the SM, where the Yukawa couplings are parameters. The
expected value of this quantity is of the order 0.1 in models with generic values of Yukawa
couplings, [2].
As we briefly mentioned in the prologue, one of the main phenomenological features of the
SM is the absence of FCNCs at tree level. Neutral currents in the gauge sector are flavour
diagonal and the Higgs interactions do not introduce flavour changing interactions because the
mass matrices are proportional to the Yukawa matrices and are simultaneously diagonal in the
physical basis. The FCNCs appear at one loop level where they are additionally suppressed due
to unitarity of the CKM matrix.
Generic NP introduces new sources of flavour violation, but FCNC processes set strong con-
straints on the magnitude of these effects. If one introduces four-fermion (dimension six) FCNC
operators to the SM Lagrangian, the CP conserving experimental observables (i.e mass splitting
of neutral mesons) and CPV quantities (e.g. εK) constrain the scale of NP to be above 104−105
TeV for the values of the effective couplings of order one [3, 28]. On the other hand, if the new
mechanism(s) that stabilize the Higgs hierarchy operate at low energy scales (of order TeV), then
NP should have a highly non-generic flavour structure. This is the essence of the so called New
Physics flavour puzzle. One possibility is that there is no NP at low energies and that the EW
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scale is unnatural. Other possibilities are based on the ideas that the new flavour structures
mimic the flavour structure of the SM.
The absence of the FCNCs in the SM comes out naturally, as a consequence of the symmetry
structure and representation content of the theory and not of the values of the parameters. One
may study possible scenarios that give natural absence of FCNCs in the presence of the BSM
contributions. First such criterion was that of Natural Flavour Conservation (NFC), introduced
by Weinberg and Glashow [29]. They studied the addition of multiple Higgs doublets in (1, 2, 1/2)








Y db 〈H†b 〉,
(1.20)
where Y u,da are the Yukawa matrices and 〈Hi〉 are the vacuum expectation values of Higgs
doublets. The FCNCs are absent at tree level if all Yukawa matrices are diagonal in the basis
in which mass matrices are diagonal. This is achieved naturally if there is only one term in
each sum in eq. (1.20), which means that only one doublet couples to up-type quarks and single
doublet couples to down-type quarks. This criterion can be satisfied by imposing various discrete
symmetries leading to several NFC two-Higgs doublet models. These models were reviewed in
detail in Ref. [30]. The popular 2HDM is of type-II, in which the NFC is realized by imposing
the discrete symmetry under which one of the doublets and the right handed down-type quarks
transform as H1 → −H1, dR → −dR.
The solution to the NP flavour puzzle can be obtained if NP satisfies the criterion of Minimal
Flavour Violation (MFV). The idea is to exploit the global flavour symmetry G = SU(3)u ×
SU(3)d × SU(3)Q of the quark sector, respected by the SM Lagrangian once the quark Yukawa
couplings are turned off. Right handed up (down) quarks residue in fundamental representation
of SU(3)u,d, respectively, and SU(3)Q acts on left handed quark doublets. The symmetry of
the Lagrangian, including Yukawa terms, can be formally recovered by promoting the Yukawa
matrices to auxiliary fields transforming under the symmetry group as Y u ∼ (3u, 3̄Q), Y d ∼
(3d, 3̄Q). The symmetry is explicitly broken once the Y u,d are fixed to non-zero matrices. The
effective theory of NP satisfies the criterion of MFV if all higher dimensional (NP) effective
operators constructed from SM fields and Y auxiliary fields respect the symmetry group G [33].
It follows then that the non-standard charged current contributions are proportional to the same
CKM elements that govern the charged current transitions in the SM. This idea can be traced
back to Refs. [31, 32], while recent detailed analysis of this requirement and its consequences
can be found in [33]. This criterion is not a model of flavour but the useful phenomenological
requirement that can be used to relate the results among processes that include different quark
flavours. We shall explore possible implications of the recent BaBar result for the MFV scenario
in the third chapter.
1.4 Prelude to B → D(∗)`ν`
The amplitude for the decay process5 B̄(p)→ D+(p′)+l−(k1)+ ν̄l(k2) is given by the contraction
of two matrix elements, that of the hadronic current hµ ≡ c̄γµ(1− γ5)b, between the initial and
final meson states, and the matrix element of the leptonic current lµ ≡ l̄γµ(1−γ5)νl between the
5In the rest of the text we occasionally omit the bar over B and the labels of charges, to simplify the notation.
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state of lepton pair and the vacuum
A = GF√
2
Vcb〈D(p′)|hµ|B(p)〉 × 〈l−(k1), ν̄l(k2)|lµ|0〉, (1.21)
where Vcb is the corresponding CKM matrix element. The matrix element of the leptonic current
is simply given by 〈`, ν̄`|lµ|0〉 = ū(k1)γµ(1−γ5)v(k2), while the hadronic matrix element involves
the non-perturbative QCD interactions and is parametrized in terms of form factors. Both B and
D are pseudoscalar mesons (JP = 0−), which leads to a vanishing of the axial-vector hadronic
current Aµ ≡ c̄γµγ5b between these two states,
〈D(p′)|Aµ|B(p)〉 = 0. (1.22)
This fact follows from the Lorentz covariance and conservation of parity in QCD by the follow-
ing argument. The parametrization of this matrix element with required Lorentz and parity
transformation properties is proportional to εµνρσpρp′σPσ, which is vanishing since the third in-
dependent momentum Pσ is not available. If one of the mesons is scalar (0+) while the other
is pseudoscalar (0−) then the matrix element of the vector current between these two mesons
vanishes, 〈0±|Vµ|0∓〉 = 0, while the matrix element of the axial current is non-vanishing. As an
example, the definition of the decay constant fB of pseudoscalar meson is given by
〈0|Aµ|B(p)〉 = i fBpµ, (1.23)
and is non-vanishing because the B meson and vacuum have opposite parity.6
The flavour changing weak vector current hµ is not conserved, qµhµ ∝ (mb −mc), so that
two form factors are needed to parametrize its matrix element between two pseudoscalar meson
states,
〈D(p′)|Vµ|B(p)〉 = f+(q2)(p+ p′)µ + f−(q2)(p− p′)µ. (1.24)
The form factors are dimensionless functions of the square of the transferred 4-momentum q ≡
p − p′ = k1 + k2 that varies in the physical kinematical range m2` ≤ q2 ≤ (mB − mD)2. The
alternative parametrization of the matrix element of the vector current which separates spin
















If we contract both sides of the above relation with qµ, it follows that the term qµ〈hµ〉 is a Lorentz
scalar and proportional to f0(q2). In the decay process that involves a massive final state charged
lepton (B → Dτν̄τ ) a contribution to the total amplitude that involves the time-like polarization
vector of the lepton pair becomes important. This polarization vector is proportional to qµ and
has a significant effect since also qµlµ ∝ ml. Thus, the form factor f0(q2) is needed for the
description of processes involving τ leptons while its effect is suppressed by the terms O(q2) in
the case of a light lepton in the final state. The form factor f+(q2) represents the spin one part
of the current and its associated four-vector is orthogonal to qµ. The two form factors fulfil the
constraint f0(0) = f+(0) which makes sure that the unphysical pole at q2 = 0 does not appear.
The hadronic matrix elements of the vector and an axial-vector currents for the transition
from B meson to a vector meson D∗ can be parametrized by a single vector form factors V (q2)
and three axial form factors A0,1,2,3(q2) respectively, with the following minimal form [34]




6the vacuum state is conventionally chosen to be 0+
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and
〈D∗(p′, ε)|c̄γµγ5b|B(p)〉 = i (mB +mD∗)
[
εµ −













2) + 2 imD∗





where ε(0,±) denotes the corresponding polarization vector of the D∗ meson. The four-vectors
that multiply form factors V (q2), A1(q2) and A2(q2) are orthogonal to qµ and represent the spin
one part of the current, while A0(q2) represents the scalar part and may be neglected in the case











is subject to the constraint A3(0) = A0(0), which makes sure that the artificial pole at q2 = 0
does not appear. The parametrizations of the matrix elements in (1.25), (1.26) and (1.27) are
based on general principles of Lorentz and parity symmetry, so they are valid in the same form if
the B(D) and D∗ mesons are replaced by arbitrary pseudoscalar and vector mesons. Of course,
the form factors are specific for any given exclusive process.
1.5 Effective field theories
Owing to insights of K. Wilson, today we know that every field theory can be viewed as an
effective description of physics up to some high energy cutoff, where it should be replaced by a
more fundamental framework. Particles whose mass is much larger than the characteristic energy
scale of a given process are not produced in the final states. Thus, one may construct the effective
field theory. Describing the physics of a given system with such effective theory is much simpler
than describing it with "more fundamental" Lagrangian that also explicitly contains plenty of
irrelevant degrees of freedom. The effects of physics at some high energy scale decouple from the
effects at low energy scales. If this is not the case, we would have to know the theory of Nature
up to arbitrarily short distances in order to describe any process.
In a "top-bottom" approach one starts with a Lagrangian defined at some high energy scale
Λ and generates the effective field theory at low energies by integrating out fields between these
two energy scales through the generating functional. The action of the initial theory is local,
but the integration over the heavy modes of fields results in a theory which is defined by the
non-local effective action. The non-local action can than be expanded into a sum of local oper-
ators. This procedure is known as the Operator Product Expansion (OPE) [35]. If the initial
theory is renormalizable, this procedure will result in a non-renormalizable theory at large dis-
tances. However, the decoupling of high energy dynamics happens through the suppression of
higher dimensional effective operators and through the renormalization of the couplings of the
leading order operators. Thus, the effective theory contains a finite number of operators and is
predictable.
The corresponding effective Lagrangian, suitable for description of interactions at large dis-
tances, has the following general form
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The operators whose canonical (mass) dimension d is four or less are labeled by Ld≤4, and the
rest of the Lagrangian consists of the tower of higher dimensional interactions whose effects
on the amplitudes are suppressed by powers of (p/Λ)di−4, where p is a typical momentum of
the low energy process. The large distance behavior is the same in the initial and resulting
effective theory, and the effects of the high momentum modes are added to the resulting effective
theory by renormalization of the coefficients of local operators. This procedure is usually called
matching and it is performed by requiring that the scattering amplitudes of the processes in the
full and effective theory are equal at large distances. As a consequence, the Wilson coefficients
Ci(µ) and the matrix elements of the operators are functions of the matching scale µ. This
dependence cancels between the Wilson coefficients and matrix elements of operators, to yield
the µ-independent physical amplitudes.
We may perform a simple pedagogical exercise to demonstrate the procedure of integrating
out the field within the example of integrating out a heavy gauge boson of the SM. The resulting
effective theory is the Fermi four-fermion model. Weak decays of hadrons are mediated by the
weak interactions of their constituent quarks. The relevant part of the generating functional in










where LW is Lagrangian that contains W boson kinetic term as well as its interaction with





























†. The hadronic term is given by J+h,µ = Vud d̄γµ(1−γ5)u and leptonic one is given by J+l,µ =
¯̀γµ(1 − γ5)ν. The u and d label up-type and down-type quarks and g2 is the weak interaction
coupling constant. For notational simplicity, we avoid the explicit generational indices. If the
quark and lepton currents are regarded as external sources, the generating functional (1.30) is




























One may note from the generating functional (1.32) that the resulting effective action is non-
local. It can be expanded in powers of k2/m2W to result in series of local operators. One may
keep only leading order operators of dimension six, as higher order operators are suppressed by






1.6. Heavy Quark Symmetry
The local action of Fermi effective theory then follows













The Fermi constant is now identified with GF = g22/8m2W . In this derivation we do not take into
account the radiative corrections from virtual high momentum photons and gluons. If the strong
interaction effects are included, the additional four-quark operators, which were not present at
tree level, might appear in eq. (1.37). Many possible subtleties and examples are given in the
lectures Ref. [36]. The Fermi theory is a valid description of weak decays at k2  m2W , while
it needs to be replaced with full SM description at energies comparable to mass of W-boson.
However, the characteristic energies of weak decay processes are never as large, so the above
effective description is perfectly suitable. It is believed that the SM itself is the effective theory,
valid up to some large, currently unknown energy scale. Then the higher order effective operators
can be used to parametrize the deviations from the SM in a model independent way. We can
constrain the values of Wilson coefficients at low energies using the general approach of effective
field theory and then draw some conclusions about the specific models in which the corresponding
operators can be realized. In the following section we briefly review another kind of the effective
theory, the Heavy Quark Effective Theory (HQET) in which only one part of the heavy quark
field is integrated out.
1.6 Heavy Quark Symmetry
The coupling constant of QCD becomes large at energy scales smaller than O(1GeV ), which
leads to the breakdown of perturbative methods. The progress in describing the properties
and interactions of hadrons starting from the QCD Lagrangian has been rather slow, and was
mostly led by developments of numerical calculations in Lattice QCD. Some advances have been
achieved with the discoveries of the approximate symmetries of QCD, and with discoveries of
certain simplifications that arise in some strongly coupled systems. The example of the former
is the chiral symmetry, SU(2)L × SU(2)R which arises as an approximate symmetry of QCD
because the masses of up and down quarks are much smaller than the ΛQCD scale. In the
limit when masses of quarks are set to zero, this becomes the global symmetry of the QCD
Lagrangian. The vector part of the chiral symmetry group is the isospin symmetry under which
hadrons are classified into representations. The axial symmetry SU(2)A is not evident in this
way because it is spontaneously broken in QCD. The resulting pseudo Nambu-Goldstone (pNG)
bosons are identified with pions. One can build the low energy effective theory of the QCD called
Chiral Perturbation Theory (ChPT) in which the pNG bosons are basic degrees of freedom. This
framework allows for a systematic calculations of corrections of order mu,d/ΛQCD.
In this section we attempt to explain the basic physical elements of the Heavy Quark Effec-
tive Theory (HQET), which is constructed due to the realization of the new spin and flavour
symmetries in the QCD description of the systems that contain one heavy quark (c or b). The
mass of the heavy quark is lot larger than the characteristic QCD scale, mQ  ΛQCD and the
light degrees of freedom constitute strongly interacting cloud of light quarks and soft gluons.7 In
7In some literature the light cloud is called "brown muck".
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such mesons, the mass of the heavy quark becomes irrelevant for the non-perturbative dynamics
of the light cloud. Exchanges of the momentum between light cloud and heavy quark are of the
order of ΛQCD and changes in four-velocity 8 of heavy quark are of the order of ΛQCD/mQ. The
heavy quark can then be modeled by a static source of color with conserved velocity and infinite
mass. The creation of heavy quark-antiquark pairs is absent in this limit.
Consider a meson which contains one heavy b (c) quark and a light antiquark, ū or d̄. Spin
states of the b (c) d̄ system are 1/2 ⊗ 1/2 = 0 ⊕ 1. Spin 0 component corresponds to the B
(D) meson, while the spin one triplet corresponds to the vector B∗ (D∗) meson. In the leading
approximation B (D) and B∗ (D∗) are degenerate. Although the interacting potentials in QED
and QCD are different, one may qualitatively compare the physical system that contains a heavy
quark with the hydrogen atom in which a proton is the static source of electric field in leading
approximation. The degeneracy of B and B∗ mesons is analogous to the degeneracy of energy
levels that correspond to s and p states of hydrogen. The tiny breaking of s-p degeneracy is
induced by magnetic moment interactions. In heavy meson systems the degeneracy is broken
by the effects of the chromo-magnetic interactions, which are suppressed by order of powers
of 1/mb,c. One may replace the heavy quark b with another heavy quark flavour (c) at fixed
velocity, because the chromo-electric field of the heavy quark in the static limit is independent
on its mass. This observation leads to Heavy Quark (HQ) flavour symmetry which enables the
relations between the properties of charm and bottom systems. Again, the situation tends to
remind of the well known observation in atomic physics in which the chemical properties of
atoms are independent on the isotope of the nucleus. The only chemically relevant property is
the isotope’s electric charge, while its mass is irrelevant, up to some required precision.
The HQET is constructed to provide a simple description of systems in which the heavy quark
interacts with the light quark by the exchange of soft gluons. The high energy scale (cutoff) of
this theory is of order mQ. The momentum of the heavy quark is
pµQ = p
µ
M − qµ = mQvµ + kµ, (1.38)
where pM is the momentum of the meson, qµ is the momentum of the light cloud, and we define
the residual momentum as kµ = (mM −mQ)vµ − qµ, much smaller than mQ. With our metric







and in the limit mQ →∞ meson travels at the same four-velocity as heavy
quark. This means that the interaction with the light cloud leaves the velocity of heavy quark
conserved. Let us approach the construction of HQET by writing the heavy quark field in the
following form
Q(x) = e−mQv·x[Qv(x) + qv(x)], (1.39)








Notice that fields Qv(x) and qv(x) are constrained by the following relations
6vQv(x) = Qv(x), 6vqv(x) = −qv(x). (1.41)
FieldQv(x) produces effects at leading order, whereas the field qv produces the sub-leading, 1/mQ
effects. We work in the Dirac basis of gamma matrices, in which Qv(x) is upper component of
8In the rest of the text the four-velocity is simply denoted as velocity
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the quark’s Dirac spinor, as it can be seen from first definition in eq. (1.40), because the matrix
(1 + 6v)/2 becomes (1 + γ0)/2 in the rest frame of heavy quark.
The field Qv(x) annihilates heavy quark with velocity v, but does not create the antiquark.
It is called "large component". Since the creation of heavy quark-antiquark pairs is absent, they
residue in totally different regions in momentum space, infinitely far away in the limit mQ →∞.
For simplicity, we will now deal with one quark field only, although everything can be done with
an antiquark also; the only changes are v → −v and Qv(x) → qv. In that case the effects of
the quark component are absent [37]. Let us insert the expansion (1.39) into the relevant kinetic
part of QCD Lagrangian to get
L = Q̄(i 6D −mQ)Q(x) =
= Q̄v(x)iv ·DQv(x)− q̄v(iv ·D + 2mQ)qv(x) + q̄v(x)i6D⊥Qv(x) + Q̄v(x)i6D⊥qv,
(1.42)
where Dµ⊥ = D
µ − vµv ·D.
Note that the third and fourth term in the above relation are obtained by using constraints
(1.41). From the Lagrangian (1.42) we see that field Qv is massless, while the field component
qv has mass 2mQ. We may integrate out these massive degrees of freedom. We could proceed
by writing the generating functional for QCD with the Lagrangian (1.42), and then explicitly
solve the path integral for field qv, which would lead us to the generating functional determined
by the action that contains the Lagrangian of HQET. This method has been used in Ref. [43].
Instead of performing this procedure, we shall use the observation that the integrating out the
dynamical degree of freedom is equivalent, up to overall normalization constant, to solving the
equation of motion for the variable and then substituting back to the Lagrangian, under the
condition that the integral is of Gaussian type. It turns out that the renormalization constant is
a functional determinant that can be absorbed into the normalization of generating functional
in gauge invariant manner [43]. We first insert the expansion of the quark field (1.39) into the
QCD equation of motion and get
i6DQv + (i6D − 2mQ)qv = 0. (1.43)
Multiplying the above equation by P− =
1− 6v
2 and solving for qv one arrives at
qv =
1
iv ·D + 2mQ − iε
i6D⊥Qv. (1.44)
One can see that the small component is indeed suppressed by powers of 1/mQ, and after the
insertion of this relation into the starting Lagrangian (1.42), one obtains the Lagrangian of
HQET:
Leff = Qviv ·DQv + Q̄vi 6D⊥
1
iv ·D + 2mQ − iε
i6D⊥Qv. (1.45)
We can now expand the non-local second term in powers of 1/mQ. After using following identity




the resulting expansion up to first order in 1/mQ is
Leff. = Q̄v i vDQv +
1
2mQ




In the heavy quark’s rest frame, the terms in (1.47) that contain 1/mQ correspond to the non-
relativistic kinetic energy and a QCD version of Pauli’s term. In the infinite mass limit, only
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the leading term in the Lagrangian is present and the HQ symmetries are explicit. Since there
is no dependence on mQ, a SU(Nf ) flavour symmetry emerges, where Nf denotes the number
of heavy flavours.
To leading order in 1/mQ the dynamics of the heavy meson is independent on the spin of
the heavy quark and the leading term in the HQET Lagrangian respects the heavy quark spin
symmetry. One can conclude that the spin-flavour HQ symmetry group is SU(2Nf ). It offers
some immediate applications in spectroscopy of heavy mesons. Spin of the heavy quark and
light degrees of freedom (dof) are separately conserved by the QCD interactions in the static
limit. Hadrons containing one heavy quark can be simultaneously assigned quantum numbers
of spin and parity of the heavy quark (jQ, PQ), and spin and parity of the light dof (jl, Pl).
Since the dynamics of the light dof is independent of the flavour of the heavy quark, to a given
state of angular momentum and parity of light dof corresponds the doublet of mesons which are
degenerate up to a constant shift. Total angular momenta of meson states in the doublet are
given by JP± = (jl ± 1/2)Pl . Since the parity of the heavy quark is PQ = +1 [42], the parity of
the meson is given by that of the light dof. The jPll =
1
2
− doublet corresponds to light clouds of
spin 1/2 and negative parity. The meson states in the doublet are then pseudoscalar meson D
(0−) and vector meson D∗ (1−). Mass difference of the two mesons is mD∗ −mD ≈ 142 MeV.
There are in total four meson states, one spin 0 state and three spin projections of the spin 1,
all containing the same light cloud in the limit mQ →∞. All the differences in the doublet are
caused by the effects of color magnetism which are suppressed by the 1/mQ. Excited doublet







+ representation. The states in the jPll =
3
2
+ doublet are D1(2420) with JP = 1+
and D2(2460) that corresponds to JP = 2+, and the mass difference is about 40 MeV. Also,
D∗0(2400) (0






mass limit also predicts relations between partial decay widths of the states in doublets which
were explained in [42].
Let us now introduce the basic physical picture that shows how the HQ symmetry provides
us with relations among different matrix elements of electroweak currents. In the static limit,
the state of the meson can be factorized as a product of states corresponding to the state of the
heavy quark and the light cloud
|M, jQ, jl, v〉 ' |Q, jQ, v〉|light cloud, jl, v〉. (1.48)
Consider the matrix element of any covariant weak current between two (not necessarily the
same) states of pseudoscalar heavy mesons at the point where there is no change in velocity,
v = v′. Using the factorization of the meson states we get
〈P ′, jQ, j′l , v′|Γ|P, jQ, jl, v〉 ' 〈Q, jQ, v′ |Γ |Q′, j′Q, v〉〈light cloud′, j′l , v′ | light cloud, jl, v〉
= 〈Q, jQ |Γ|Q′, j′Q〉δjl,j′l .
(1.49)
If there is no velocity change, the state of the light cloud is left unchanged and the overlap
(scalar product) of light cloud states is equal to one. Also, if the flavour of the final heavy
quark state is changed, the overlap of light clouds stays the same. In this way it is possible
to connect matrix elements of the weak currents between different heavy mesons. In general
situations the overlap is not trivial but can be parametrized by a function of the relative velocity
w = v · v′. The HQ symmetry alone will not let us discover anything about this function and
some non-perturbative method of calculation, like QCD sum rules or LQCD will be needed, but
nevertheless, the relation (1.49) contains a great deal of information [37]. Now we can study
the matrix elements of weak hadronic vector currents between the meson states B and D in the
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static limit. In the following several paragraphs we closely follow the review written by Neubert
[39]. Usual relativistic normalization of meson states is given by
〈M(p′)|M(p)〉 = 2E(2π)3δ3(~p− ~p′). (1.50)
Since HQ symmetry relates heavy quarks at equal velocities, and the dependence of the mass of




with a trivial relation to the conventional definition. In the static limit, the state |M(v)〉 is only
characterized by the configuration of its light degrees of freedom.
Let us consider the elastic scattering of a pseudoscalar meson P (v) → P (v′) by an external
vector current. Action of the current is to replace v → v′ and the corresponding change in the
momentum of the light cloud is
q2 ' Λ2QCD(v′ − v)2 ' Λ2QCD(v · v′ − 1). (1.52)
The corresponding amplitude is parametrized by the functions h±, as in e.q. (1.24), namely
〈P (v′)|Q̄v′γµQ(v)|P (v)〉 = h+(w) (v + v′)µ + h−(w)(v − v′)µ. (1.53)
By contracting both sides of the above definition with (v− v′)µ and using the constraints (1.41),
one finds that h−(w) = 0. Let us now switch the notation and give function h+ a special name,
h+(w) ≡ ξ(w). Due to the HQ flavour symmetry, the dynamics of the light cloud does not
differentiate between two different heavy quarks, so the following relation is also true:
〈P ′(v′)|Q̄v′γµQ(v)|P (v)〉 = ξ(w) (v + v′)µ, (1.54)
where P ′ is a different pseudoscalar meson. The universal function ξ(w) to which one can relate
arbitrary covariant current, 〈M ′, J ′M |Γ|M, jM 〉, is called the Isgur-Wise function, [40]. For equal
velocities, jµ = Q̄′vγµQv is conserved current of the flavour symmetry. 9 The corresponding




The diagonal elements are number operators while the off-diagonal terms transform one heavy
quark to another NQ′Q|P (v)〉 = |P ′(v)〉. It then follows
〈P ′(v)|NQ′Q|P (v)〉 = 〈P (v)|P (v)〉 = 2v0(2π)3δ3(0). (1.56)
Comparing this with the relation (1.54) one concludes:
ξ(1) = 1. (1.57)
This can be understood in terms of the heuristic physical picture we presented previously. The
Isgur-Wise function can be visualized as the overlap of the light clouds boosted relative to each
other by v · v′. The energy of recoil of the meson P ′ in the rest frame of meson P is given by:
E = mP ′(v · v′ − 1), (1.58)
9which can be checked from the leading term of the Lagrangian (1.47)
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so the kinematic point v ·v′ = 1 is called the zero recoil point. Now let us apply the above results
















where the transferred momentum q = p − p′. Comparing (1.59) to (1.54) we get the following
relations





























The relations (1.60) are valid as long as the momentum of the light cloud is not large enough to
probe the scale mQ. This condition is fairly satisfied in the case of B → D transition, for which
ΛQCD  mb,c, (1.62)
due to the smallness of the factor




The matrix elements of the axial and vector current between B and D∗ mesons can also be
related to the Isgur-Wise function. However, in this case, the reasoning similar to the one for B
to D transitions becomes more involved.
To do so we introduce the covariant tensor representation of meson states in HQET which
enable us to reduce matrix elements of arbitrary currents to Isgur-Wise function [41]. The states
in HQET are given by the mass independent eigenstates of the leading order term in the HQET
Lagrangian
LHQET = Q̄viv ·DQv. (1.64)
The use of these states is convenient because they have well defined transformation properties
under the HQ flavour and spin symmetries. Consider the heavy meson that contains a single
heavy quark represented by the spinor uh(v, s) that satisfies 6vuh(v, s) = uh(v, s) and a light
quark represented by the spinor v̄l that satisfies v̄l(v, s′) 6v = −v̄l(v, s′). Then the state of com-
posite meson can be represented by M = uhv̄l. This object is a linear combination of physical
pseudoscalar and vector meson components. For the spin basis we choose the following states
with the corresponding spinors given in the heavy quark rest frame
1√
2
(⇑↓ − ⇓↑), 1√
2
(⇑↓ + ⇓↑), (⇑↓), (↑⇓). (1.65)
The double line arrows label the spin states of heavy quark, while the single line arrows label
the spin states of light quark. States in the (1.65) can be represented with four by four matrices.
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Let us introduce the transverse polarization vector εµ± =
1√
2
(0, 1,±i, 0) and the longitudinal
polarization vector εµL = (0, 0, 0, 1) of the spin one meson. Then, one identifies the fist state
(singlet) state in (1.65) as spin zero component, and the triplet of states in (1.65) as the vector
component of M. These states can be written in terms of gamma matrices and polarization
vectors as follows [41]










In an arbitrary reference frame γ0 needs to be replaced with 6v. Consider the amplitude for
the transition between the heavy mesonsM(v)→M′(v′), induced by the renormalized current
Q̄vΓQv. Since the interactions of the heavy quark with soft gluons do not change its spin, the
part of the amplitude that involves the heavy quark is simply proportional to ū′hΓuh and is
already a part of the tensor wave function of mesons. Then the amplitude can be written as
M′(v′)ΓM(v). This is a matrix whose two indices correspond to degrees of freedom of the light
cloud. Correspondingly, this matrix should be contracted with some matrix Ξ(v, v′, µ) to give






The matrix Ξ(v, v′, µ) encodes the long-distance, non-perturbative interactions of the light cloud.
It is a function of renormalization scale µ. This dependence is cancelled out in the physical results
by the µ dependence of the Wilson coefficients which carry the information on the short-distance
physics. One may use the following property of meson tensor wave function
M(v) = P+M(v)P− (1.68)
to realize that under the trace, the matrix Ξ(w, µ) can be represented by the single function
ξ(w, µ) [39]





with the sign set properly as to provide that this function coincides with Isgur-Wise function
introduced previously. The relations (1.60) follow directly from use of these methods. One can
proceed and write the vector and axial-vector form factors in terms of Isgur-Wise function















In the absence of the radiative corrections the function ξ(w, µ) is only dependent on w.
Using these methods, one can derive the matrix elements of currents such as c̄σµνqν(1− γ5)b
and c̄σµν(1 − γ5)b between the B and D(∗) states needed for the analysis of the effects of the
BSM operators. These formulas are collected in the Appendix C
Let us now very briefly describe the calculations of the 1/mQ and radiative QCD corrections
to the static limit. The OPE of the Lagrangian of HQET, without inclusion of the radiative
corrections, is given in eq.(1.47). Using relations (1.40) and (1.44) one finds the analogous











This provides the prescription for expanding an arbitrary operator that contains the heavy quark
field in powers of 1/mQ. With the inclusion of the radiative QCD corrections, the matrix element
of the hadronic vector current has the 1/mQ expansion which can be schematically written as
following




The left-hand side of the above relation is the matrix element of the current between meson
states which are the eigenstates of full QCD, while the right-hand side is calculated between
the mass independent eigenstates of HQET. The renormalization of coefficients is performed by
matching the loop corrections in the HQET with those in full theory. If the scale µ is significantly
above ΛQCD, the radiative corrections can be added perturbatively at any order in the 1/mQ
expansion. The short distance effects are then contained in Wilson coefficients, while the long
distance effects reside in matrix elements of the operators. These matrix elements are defined
between the mass independent states of HQET, so one may apply the covariant tensor states
methods for their calculations (reductions to universal function). Much of work in HQET was
devoted to calculations of the perturbative corrections to the static limit. We shall not go into
the details of these calculations but rather refer the reader to Ref. [39], where many examples
are clearly explained and the references to the original literature are given.
1.7 Form factors
In this section we describe the form factors which are used in calculations presented in this text.
All form factors in B to D(∗) transitions are related to the universal Isgur-Wise function in
the exact heavy quark limit, cf. (1.60) and (1.70). These relations require the leading power
(ΛQCD/mb,c) and short distance (αs) corrections, [45]. The form factors for B to D transitions


















where RD and w = v ·v′ are given in (1.61) and rD denotes the ratio of masses of D and B mesons.
The lattice result for the function ∆(w) is consistent with the constant value, ∆(w) = 0.46±0.02
[49]. In the static limit, the function G1(w) coincides with the universal Isgur-Wise function,
(1.60) and is normalized to unity at zero recoil point w = 1. Determination of Vcb element is
performed by extrapolating the decay rates to this kinematical point. This procedure contains
uncertainties which are reduced to the information about the shape of form factors. Caprini,
Lellouch and Neubert (CLN) derived constraints on the shape of the form factors using dispersive
techniques and including corrections to the static limit [47]. They introduced the expansion






w + 1 +
√
2) and calculated
the values of the corresponding coefficients:
G1(w) = G1(1)[1− 8ρ2Dz(w) + (51ρ2D − 10)z(w)2 − (252ρ2D − 84)z(w)3]. (1.74)
In our numerical evaluations we use the value of the slope parameter as given by the Heavy
Flavour Averaging Group (HFAG) [48], ρ2D = 1.186± 0.055. Note that the normalization of the
above function, G1(1) cancels in the ratio R(D) = Br(B → Dτν)/Br(B → D`ν).
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Now we convert the relations (1.70) for the B to D∗ transitions into a form that tis suitable


















In the exact static limit the function hA1(w) reduces to ξ(w), see (1.70). Functions Ri(w)
(i = 0, 1, 2) that enter in the form factors A0,1,2(w) and V (w), respectively, are expanded around
w = 1 point
hA1(w) = hA1(1)[1− 8ρ2z(w) + (53ρ2 − 15)z(w)2 − (231− 91)z(w)3] ,
R1(w) = R1(1)− 0.12(w − 1) + 0.05(w − 1)2 ,
R2(w) = R2(1) + 0.11(w − 1)− 0.06(w − 1)2 ,
R0(w) = R0(1)− 0.11(w − 1) + 0.01(w − 1)2.
(1.76)
The first three expansions are derived in Ref. [47]. The expansion of this function in (1.76)
was derived in [14] using the results of [47]. The numerical values of Ri(1) and hA1(1) are
free parameters that can be extracted from the measurements of the differential decay rate of
the process B → D∗`ν̄`. The Belle Collaboration [11] extracted the following values of these
parameters from the measurement: hA1(1) = 0.919 ± 0.035, R1(1) = 1.403 ± 0.033, R2(1) =
0.854± 0.020, ρ2 = 1.214± 0.035. Note that the value of the function hA1(1) cancels in the ratio
R(D∗) = Br(B → D∗τν)/Br(B → D∗`ν). As we discussed in the section 1.4, the effects of the
form factor A0(q2) are invisible in the case of the light lepton in the final state, because this
function is multiplied with the term m2`/q
2 in the decay rates. Correspondingly, the value of the
function R0(1) cannot be extracted from B → D∗`ν̄` measurements. In the static limit its value
goes to unity, R0(1) = 1. Leading order power (1/mb,c) and αs corrections are known for the
following linear combination [45, 46]
R3(1) ≡
R2(1)(1− r) + r[R0(1)(1 + r)− 2]
(1− r)2 = 0.97 , (1.77)
where r ≡ mD∗/mB . We insert the measured value of R2(1) into the above equation and obtain
the result R0(1) = 1.14. We use the above form factors in sections 3.2 and 3.3, where the models
of NP induce the non-standard effects solely to the processes with the τ lepton. In the next
chapter we examine the possible effects of the NP that could also influence the processes with
a light charged lepton (e or µ). There we use the evaluations of form factors performed by
Melikhov and Stech in Ref. [52]. They used the formulation of the constituent quark model
based on relativistic dispersion approach, which turns out to be consistent with the HQET, [52].
We collect their results for form factors in Appendix C. The form factors results for the B to D∗
semileptonic transitions would be useful in refining the searches for the BSM effects. The first
such results in B to D transitions appeared recently [50, 51].
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Chapter 2
The full distributions of B → D(∗)`ν`
and New Physics
2.1 Introduction
Weak interactions differentiate between the left and the right. Only the left handedWeyl fermions
couple to W− bosons, while the right-handed ones remain singlets under SU(2)L. The conse-
quence of this fact for the leptonic decays of the B meson is the following. The B− meson decays
leptonically through annihilation of its valence b and ū quarks into a W− boson which then
creates the `−ν̄` pair. Since the B− is a spin-less meson, the conservation of angular momentum
forces the final charged lepton and neutrino to have opposite spins, and therefore the same he-
licities. Antineutrino is a right-handed fermion which then implies the right-handedness of the
final charged lepton. Since the W− boson does not couple to right-handed charged leptons, the
decay rate for the process would vanish, if it was not for the charged lepton’s mass that couples
the right- to left-handed fermion components. This effect is known as helicity suppression. Thus,
the leptonic decay rate is proportional to the square of the mass of the charged lepton, which
results in very tiny decay rates of B− → `ν̄`, where ` = e, µ. Consequently, these two processes
are unobserved up to this date. The decay rate to τ and ν̄τ is larger and is of order 10−4, which
was enough for it to be observed in 2006 by the Belle Collaboration [54] and in 2010 by the
BaBar [71] Collaboration.
This process became one of the main channels for the searches of the effects of BSM charged
scalar mediators [55]. Such charged scalars originate in the models where the scalar sector of
the SM is extended with an additional scalar weak doublet. Motivations for such extensions
come from supersymmetry, which necessarily includes two Higgs doublets, or from axion models
relevant for the solutions of the strong CP problem. Also, the extended scalar sectors can
provide additional sources of CPV which might be relevant for the models that explain the baryon
asymmetry. The two doublets contain eight real fields, three of them are absorbed to give masses
to W∓ and Z0 gauge bosons, while remaining five are physical charged scalars (H±), the two
neutral scalars and single neutral pseudoscalar. The scalar potential of such model is complex
and contains many new parameters, so one usually makes some simplifying assumptions in order
to perform simplified phenomenological analysis. The minimization of the scalar potential gives
the vacuum expectation values of the two doublets, v1 and v2. The two important parameters are
angle α, that is the angle of the rotation that diagonalizes the mass matrix of neutral scalars and
β that is the corresponding angle for the mass matrices of charged scalars and pseudoscalars.
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The tangent of an angle β turns out to be the ratio of the vacuum expectation values of the
two doublets, tgβ = v2/v1. This parameter enters the Yukawa couplings of the SM fermions to
charged scalars. General 2HDMs introduce the FCNCs at the tree level. These can be avoided
by imposing the discrete Z2 symmetries, resulting in several Natural Flavour Conserving (NFC)
models, see e.g. [30] for further details. In the NFC 2HDMs and in the Minimal Supersymmetric
Standard Model (MSSM) the charged scalar couples to `± proportionally to their masses. The
decay rate to τ and ν̄τ is additionally enhanced [56] in the type-II 2HDM [30] for large values of
tanβ.
The semileptonic decay mode B → Dτν` is currently more suitable for searches of the effects
of intermediate charged scalars in several aspects. The rate of this process in the SM is an
order of magnitude larger than the rate of purely leptonic decay of B meson that involves a
τ lepton in final state. The Vcb element is known with better precision than Vub and can be
extracted from the decay mode with the light charged lepton, where the effects of charged scalar
are negligible due to the smallness of charged lepton mass. In the semileptonic case, the ratio
of the branching fractions R(D) of the B → Dτντ and B → D`ν` can be introduced. In this
ratio, the dependence on the CKM element cancels out while the effects of the charged scalar
are preserved. This is contrasted to the case of purely leptonic decays, where the function that
carries the information about charged scalar contribution also cancels in the analogously defined
ratio. The semileptonic decays offer more observables due to more particles in the final state,
and can potentially differentiate between charged scalar and W boson effects, [60]. The helicity
suppression occurs near the kinematical point in which the D meson moves slowly in the rest
frame of the B meson. In the case when the massive τ lepton is in the final state, the helicity
suppressed contribution is milder and is proportional to m2τ/q2. The effect of the intermediate
charged scalar enters this part of the decay rate and further lifts it. The aspects and challenges
of BSM searches in B → Dτν were studied in Ref. [13]. The sensitivity of the semileptonic
B → D decays to charged scalars in specific 2HDM scenarios was studied in more detail in
[57, 59, 60, 64].
The process that involves the vector meson D∗ offers even more measurable physical quan-
tities, due to the additional particle with spin in the final state. It is interesting to note that
the B → Dτντ process is sensitive to the non-standard scalar operator, while the pseudoscalar
operator does not contribute. This situation is opposite in the B → D∗τντ process, for which a
pseudoscalar operator gives non-vanishing contributions. The most general effective Lagrangian
with lowest order effective operators that lift the helicity suppression in B → D∗τντ was consid-
ered in the Ref. [14], and the constraints on the effective (pseudo)scalar couplings were derived.
Also, the number of observables derived from the decay distributions were introduced and studied.
Consequently, several other studies were dedicated to analyses of similar observables, [81, 85, 86].
One should note that B → D∗ transitions also involve richer non-perturbative QCD structures,
more form factors are required for the description of this process. The study of required matrix
elements of currents for this process on the Lattice has not yet been attempted. However, the
confident predictions for the behavior of these form factors can be made using different effec-
tive models for the large distance QCD dynamics. Also, the powerful ideas of the HQET can
be employed. In this chapter we perform detailed study of what can be derived from the full
differential distributions of B → D(∗)`ν` decays. The angular distributions in these processes
are experimentally accessible and were measured for the decays that involve the light leptons by
BaBar and Belle Collaborations, assuming the validity of the SM, see [65], [11]. We construct the
observables in such way that they do not involve large hadronic uncertainties and have the po-
tential to reveal the additional information about the structure of the effective weak Lagrangian.
The information that can be extracted from these observables is not seen in the total decay rates









Figure 2.1: The schematic representation of B̄ → D(∗)`ν̄` decays. Left diagram represents the
SM amplitude, while the right diagram shows the amplitude induced by intermediate charged
scalar
this chapter is based on ideas and results from [14] and from [88]. In the following sections we
assume that the NP degrees of freedom are heavier than any of the SM fields, so that they can
be integrated out to produce the effective Lagrangian which is valid description of physics at low
energies.
2.2 Effective Lagrangian
As the first step, we choose the effective Lagrangian in the spirit of the model independent
analysis, using only the minimal number of assumptions. We assume that only the left-handed
neutrinos (or right-handed antineutrinos) appear in the final state, and that leptonic currents
have the usual, well established V −A Lorentz structure
lµ = ¯̀γµ(1− γ5)ν`. (2.1)
At this point in the text we also assume a lepton flavour universality of the nonstandard couplings.
These assumptions lead us to the following effective Lagrangian which contains operators whose





(1 + gV )c̄γµb+ (−1 + gA)c̄γµγ5b+ gSi∂µ(c̄b) + gP i∂µ(c̄γ5b)+
+ gT i∂ν(c̄iσµνb) + gT5i∂ν(c̄iσµνγ5b)
]





Our convention for sigma matrix is σµν = i/2 [γµ, γν ]. The standard Lagrangian of Fermi’s
theory is recovered by setting all values of the effective couplings gV,A,S,P,T,T5 to zero. Note that
the pseudo-tensor operator can be written in terms of the tensor operator using the following





Nonetheless, it turns out to be convenient to keep this operator in the analysis.
Our effective Lagrangian contains hadronic (pseudo)scalar densities that can be related to
the usual (axial)vector currents. First, we derive the relations between the matrix elements
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of (pseudo)scalar densities and vector and axial currents. Using the Partially Conserved Vector
Current (PCVC) relation, one finds that the scalar density operator c̄b is related to the derivative
of corresponding vector current





The pseudoscalar density is similarly related to the derivative of the axial-vector current





The relations of the type (2.7) are known in the literature by the name of Partially Conserved
Axial Current (PCAC) relations. The masses of the beauty and charm quarks are in these
relations defined in the MS scheme at the renormalization scale µ = mb. We may also use
Heisenberg’s equation of evolution for operators, ∂µO = −i[O, Pµ] to obtain








A glimpse on the parametrization of vector and axial form factors in equations (1.26) and (1.27)
reveals that the corresponding matrix element of the scalar density vanishes, while the matrix
element of the pseudoscalar density results in









Since the (pseudo)tensor matrix elements transform as Lorentz (axial)vectors, they have the
same covariant form as the matrix elements of V −A currents (1.26), (1.27):
〈D∗(k, ε)|c̄σµνqνb|B̄(p)〉 = iεµναβεν∗pαkβ2T1(q2),
〈D∗(k, ε)|c̄σµνγ5qνb|B̄(p)〉 =
[














The (pseudo)tensor form factors can be related to the vector and axial vector form factors in the
HQ limit using the covariant tensor methods of section 1.6. The results are given in equation
(C.6).
The non-standard, vector and axial operators of dimension six could originate as a result of
integrating out the non-standard W-like vector boson mediators. The effects of additional right-
handed current interactions were studied in past few years extensively [91, 92]. These studies
were motivated by the tensions in the fits related to the determination of Vub CKM element. The
right-handed current interactions could be induced by the mixing of SM quarks with additional
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vector-like quark(s), or radiately in the MSSM, see e.g [91]. The terms of the mass dimension
seven with couplings gS,P were considered in [14, 15]. These operators are physically equivalent
to the usual (pseudo)scalar operators of dimension six which contain products of (pseudo)scalar
quark and lepton densities. They can be matched to 2HDMs, where they are induced after
integrating out massive, charged scalar fields [14]. Possible completion of the dimension-seven
operators that contain the derivative of the hadronic tensor current is somewhat obscure, and it
points toward the chiral gauge boson models, cf. [93].
In specific NP scenarios, one may relate the b → c transitions to other sectors, for example
b → u, resulting in more constrained parameter spaces. We study these options in the next
chapter. For now, we concentrate solely on b → c transitions. In this chapter we put the
emphasis on illustration of several physical observables which are experimentally accessible and
can be strongly affected by the presence of the NP couplings. We use the form factors from the
model of Ref. [52] that are collected in Appendix C. This reference does not state the errors on
the values of form factors. We estimate them by letting the normalizations of the form factors
vary in the range of the ten percents of the central value. These functions are collected in
Appendix C.
2.3 Helicity amplitudes in B̄0 → D∗+(→ D̄0π+)`−ν̄` process
First we analyze the more complicated decay mode that involves vector meson D∗ and introduce
methods which can be applied to the B̄ → D+`−ν` in a straightforward manner. We consider
the cascade decay in which the D∗+ meson subsequently decays to D̄0 and π+ final states. The
full, five-fold differential decay rate of the process is given by
d5Γ











|A(B̄ → Dπ`ν̄`)|2, (2.12)
where pD is the three-momentum of a D meson in the rest frame of the D∗. The derivation of this
formula requires some handling of final four-body phase space, which is explained in Appendix
A. The kinematic variables are as following: q2 is the square of four-momentum of the lepton
pair and mDπ is invariant mass squared of the Dπ pair. The angular variables are shown in
the Fig. 2.2: θD is the angle between the three-momentum of D meson and the z-axis, which
is determined by the direction of D∗ in Dπ center-of-mass frame, and θ` is the corresponding
angle for the charged lepton in `ν` center-of-mass frame. The azimuthal angle χ is defined as
the angle between the decay planes of the W ∗ and the D∗. Here we do not take into account
the subsequent decays of the τ lepton that can also carry some interesting informations, see
e.g. [60, 90]. The total amplitude of the process is given by
A(B̄ → Dπ`ν`) =
∑
R=D∗,D∗0
〈Dπ|HI |R〉〈R|hµ|B̄〉 lµBWR(m2Dπ). (2.13)
The hµ labels the effective hadronic current which was introduced through the effective La-
grangian (2.2) and R refers to any intermediate hadronic resonance state. The Hamiltonian that
induces the R → Dπ transition is denoted by HI . Propagations of the intermediate resonances





m2Dπ −m2R + imRΓR
. (2.14)
Besides the D∗ meson, we may also consider the possible contributions of intermediate scalar
meson D∗0(2400), whose mass is MD∗0 ' 2403 ± 40 MeV and decay width ΓD∗0 ' 283 ± 40 MeV
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l
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Figure 2.2: The definition of the coordinate system and angles in the decay B̄ → D∗`ν̄`
[25]. We find that the effects of the D∗0 are negligible in all the observables relevant for the
NP searches, under the assumption that its propagation is parametrized by the Breit-Wigner
function [88].
The transition amplitude for D∗ → Dπ can be extracted from the information of the branch-
ing fractions and the total decay width of D∗. One may parametrize the 〈Dπ|HI |D∗〉 amplitude
in terms of the coupling gD∗Dπ through the following covariant form
〈Dπ|HI |D∗〉 = gD∗Dπ(pD − pπ)µ εµ = 2gD∗Dπ(pDµεµ), (2.15)
where εµ denotes the polarization vectors of D∗ meson. Then we can proceed by using the
following formula for the branching fraction












where pD labels the D meson’s three-momentum in the Dπ center of mass frame.
To conveniently organize the calculations of decay rates of processes that involve several par-
ticles with non-zero spin, one introduces the concept of helicity amplitudes. We define the helicity
amplitude as the projection of the matrix element of a given current, with chosen polarizations
of the initial and final state, to the polarization vectors of the field that mediates the interaction
with another current. The mediator in the SM is virtual W boson. In the context of decays that
we study, these polarization vectors coincide with polarization vectors of the `− ν` pair.
We can write the amplitudes for the B̄ → D∗W transitions using the following notation.
The first index in the hadronic helicity amplitude Hm,n represents the polarization vector of the
D∗ meson, while the second index labels the polarization of `− ν` pair. The following hadronic
helicity amplitudes are non-vanishing:
H±(q
2) ≡ H±±(q2) = ε̃µ∗± 〈D∗(ε±)|hµ|B̄〉,
H0(q
2) ≡ H00(q2) = ε̃µ∗0 〈D∗(ε0)|hµ|B̄〉,
Ht(q
2) ≡ H0t(q2) = ε̃µ∗t 〈D∗(ε0)|hµ|B̄〉.
(2.17)
The polarization vectors of `− ν` pair, labelled with ε̃µ∗(m) are chosen in such a way that they








m′ = gm,m′ . (2.18)
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The above summations are performed over the m,m′ = ±, 0, t polarizations of a ` − ν pair.
The leptonic helicity amplitudes are defined analogously, the hadronic currents are replaced with
leptonic ones and the spin projections of vector meson are replaced with the spin projections of
the final state charged lepton. By our assumptions, the mass effects of neutrino are neglected,
so that the final (anti)neutrino has fixed spin projection (helicity).
The usefulness of helicity amplitudes can be demonstrated with the following. The amplitude
that corresponds to transition in which the final meson has polarization λM and the final charged
lepton has spin projection λ` (to the chosen axis) is given by














HλM ,mLλ`,m′gm,m′ . (2.20)
Since the helicity amplitudes are Lorentz invariant quantities, one may calculate the hadronic
helicity amplitude in the B-rest frame and the leptonic helicity amplitude in the lepton’s pair
center of mass frame (q2 rest frame) to follow our separation of the four-body phase space into
two-body phase spaces (see Appendix A). We can follow the definitions of hadronic helicity





































B −m2D∗ − q2)A1(q2)−
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The familiar kinematic function λ(x, y, z) which appears in the above equalities is defined as
λ(x, y, z) ≡ x2+y2+z2−2(xy+xz+yz). Angles θ` and χ enter the calculations of leptonic helicity
amplitudes, with the definition of the coordinate system given in Fig. 2.2. The dependence on
angle θD which is defined in the D∗ rest frame gives information about the spin projections of
the D∗ meson. The helicity amplitudes are Lorentz invariant so we may choose suitable reference
frame to calculate them. The hadronic helicity amplitudes are calculated in the rest frame of
B meson, while the leptonic helicity amplitudes are salculated in the center-of-mass frame of
` − ν pair. The corresponding polarization vectors of D∗ meson and ` − ν pair, as well as the
components of the 4-momentum of the lepton are given in section C.0.1 of Appendix C.
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2.4 Full decay distribution for B → D∗(→ Dπ)`ν̄` and physi-
cal observables
The differential decay rate of B → Dπ `ν̄` (2.12) is determined by the square of the absolute
value of the total amplitude
|A(B̄ → Dπ`ν̄`)|2 = |AD∗ |2 + |AD∗0 |
2 + 2<[AD∗A∗D∗0 ]. (2.22)
We check that the effects of the intermediate resonance D∗0 are irrelevant for the observables
which are sensitive to the presence of NP, and we concentrate on the term |AD∗ |2, given by the
following, somewhat tedious formula:




















































































The second and the third contribution in eq. (2.22) are given for future references in the equalities
(C.1) and (C.2), in Appendix C. Angular distributions in semileptonic B to D∗ transitions were
first derived in the work of Körner and Schuler [70]. They studied the mass effects of final charged
leptons, assuming the validity of the SM. Since all helicity amplitudes are real functions in the
SM, the imaginary parts of the products of helicity amplitudes in (2.23) were neglected in the
previous literature. However, the BSM couplings from the effective Lagrangian (2.2) are generally
complex numbers and may induce measurable contributions to imaginary parts mentioned above.
We construct the observables from the differential distribution over the angle χ that are directly
proportional to the imaginary parts of these interferences, and whose measurable deviation from
zero values would be clear sign of the new physics.
After integrating the full, five-fold distribution over all angles, one obtains the standard
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where the Breit-Wigner function is integrated to unity-
∫
|BWD∗ |2dm2Dπ = 1.
RHD*L

















































































Figure 2.3: Complex plane regions of the allowed values of the effective couplings, derived from measured
decay fractions of B̄ → D∗`ν decays: a) allowed values of gV Wilson coefficient from the ratio of R(D∗),
defined in eq.(1.3) where we use the experimental value given by BaBar Collaboration [16], resulting
only in 2σ allowed region, b) allowed values of gA from the measured branching ratio B̄ → D∗`ν where
` = e, µ [65], c) allowed values of gP from the ratio R(D∗), d) allowed values of gT from branching ratio
B̄ → D∗`ν [65], d) allowed values of gT5 from branching ratio B̄ → D∗`ν [65]. The 1σ(2σ) regions are
shown in green (yellow).
We use the available experimental data from B → D∗ semileptonic transitions to derive the con-
straints on the couplings gV , gA, gP , gT and gT5 of the effective Lagrangian (2.2) in the complex
planes in the Fig. 2.3. We assume that the a single operator contributes at the time. The axial
vector and (pseudo)tensor couplings are not constrained from R(D∗) as their effects (largely)
cancel in this ratio. For this purpose we use the branching fraction B → D(∗)`ν`, which involves
light leptons in the final state and gives the strongest constraints on these couplings. The result
of the BaBar’s measurement from 2007 [65] reads Br(B̄ → D∗`ν) = (4.69± 0.04± 0.34)× 10−2.
The value of the Vcb matrix element Vcb = (41.88± 0.74) · 10−3 is determined from the inclusive
process and reported by the Heavy Flavour Averaging Group (HFAG) [48]. The allowed values
of Wilson coefficients gV,P are extracted from the ratio R(D∗) in which the Vcb element of the
CKM matrix cancels out.
We proceed to investigate the available angular distributions. First we integrate the full
differential distribution in (2.12) over all kinematic variables except q2 and cos θ` to get the
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2) cos θ` + cθ`(q
2) cos2 θ`. (2.25)





























































The distribution over cos θ` contains three coefficients which permit the construction of the three
independent observables. Integration over cos θ` in full range from −1 to 1 gives the differential





















Figure 2.4: The sensitivity of the differential branching rate of the process B → D∗τντ to the value of
the couplings gP taken from the 68% C.L region in Fig. 2.3 (c). The SM result is also included. The
bands come from the uncertainties in the form factors. This observable shows weak sensitivity on all
couplings other than gP
Notice that the information carried by the coefficient function bθ`(q2) is hidden from the distri-
bution over q2 and, consequently, from the total decay rate. To retain this function, we define
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The third independent observable can be formulated from the functions aθ`(q2) and cθ`(q2) as
following
Aθ`L (q





We may now test the sensitivity of these three observables to the effects of the allowed values
of the new physics couplings. The representative values of the couplings are chosen from the
allowed, 68% confidence level (CL) regions of the Fig. 2.3 in such way that they give the largest
effects on the corresponding distributions.
The sensitivity of decay rate (dΓ/dq2)(q2), normalized to total decay width of B meson,
to the effects of NP couplings is shown in the Fig. 2.4. We come to the conclusion that this
observable is sensitive to the presence of pseudo-scalar coupling and does not show the strong
sensitivity to allowed values of other effective couplings from Fig. 2.3. On the other hand, the
forward-backward asymmetry Aθ`FB(q
2) is currently allowed to deviate significantly from the SM
values, as can be seen from Fig. 2.5. In this figure and in the subsequent figures the colored bands
represent the variation regions of corresponding distributions, which result from the uncertainties
in knowledge of the form-factors. The observableAθ`L (q
2) is only sensitive to the effects of tensorial
and pseudo-tensor couplings, which can be seen in Fig. 2.6. Now we turn to the distribution in







2) cos 2χ+ csχ(q
2) sin 2χ, (2.30)




















































The functions bc,sχ (q2) are vanishing unless there is an interference with the amplitude of the
intermediate D∗0 → Dπ resonance. This interference is negligible under the assumption that
the propagation of D∗0 is well parametrized by the simple Breit-Wigner form in eq. (2.14). The
distribution over angle χ gives possibility to construct three observables relevant for NP effects.
However, one of them is the decay rate dΓ/dq2 which is proportional to coefficient aχ(q2) and was













The observable Csχ(q2) is especially interesting because it is given by the coefficient in front
of sin 2χ, and it is proportional to the imaginary part of the product of the hadronic helicity
amplitudes and carries information about the possible existence of the CP violating complex
phase of the effective non-standard couplings. Clearly, this observable vanishes in the SM, in
which al the helicity amplitudes are real functions. The experimental deviation of Csχ(q2) from
zero would be clear sign of the new effects, see Fig. 2.8. Also, large deviations from the SM are
presently allowed in observable Ccχ(q2), as can be seen from Fig. 2.7.
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Figure 2.5: The illustrative examples of the effects of allowed values of the effective couplings on forward-
backward asymmetry Aθ`FB(q
2) in the decays B → D∗`ν. The representative values of the couplings are
chosen from the 68% C.L regions of figures 2.3 in such way that they give the largest effects on the
corresponding distributions. The distributions that correspond to the SM value of the effective coupling
are shown in black, the distribution that corresponds to the real value of couplings are shown in red, and
the effects of the complex values of the couplings are shown in blue. The forward-backward asymmetry
that corresponds to the decay channel with the light charged lepton in the final state ` = e, µ is denoted
with Aθ`FB(q
2), while for the mode with tau lepton we use the label AθτFB(q
2).
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2) defined in (2.29)






















































Figure 2.7: Sensitivity of the observable Ccχ(q2) = ccχ(q2)/aχ(q2) to NP couplings. Images (a) and (b)
show the sensitivity of this observable in the B → D∗τν decays while (c) and (d) represent the observable
in B → D∗`ν decays
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Figure 2.8: Sensitivity of the observable Csχ(q2) = csχ(q2)/aχ(q2) to NP couplings in B → D∗`ν decays
(` = e, µ). The SM value of this observable is vanishing. Similar effects on this observable result also in
the case B → D∗τν.




2) + bθD (q
2) cos θD + cθD (q
2) cos2 θD, (2.33)















































The coefficient bθD (q2) is proportional to the interference term with the amplitude from the
intermediate resonanceD∗0 and is neglected due to the tiny overlap of theD∗ andD∗0 propagators.
Let us now pause and count the number of additional independent observables that we can
construct. The angular distributions (2.25), (2.30) and (2.33) contain eight non-vanishing coef-
ficients. When integrated over the corresponding angles they all result in dΓ/dq2. This leads to
two constraints that reduce the number of independent observables to six. So far we constructed
five observable quantities. The distribution over the angle θD can be used to construct the sixth
observable. We choose the ratio of decay rates that correspond to longitudinal and transversal
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The transverse and longitudinal differential decay rates can be extracted from the angular dis-

























The ratio of these two decay rates is sensitive to the contributions of the pseudo-scalar Wilson
coefficient which enters the helicity suppressed H0(t) helicity amplitude. The corresponding
sensitivity is shown in Fig. 2.9.
Note that the set of independent observables that we have constructed is not unique, and
another set of six observables can be constructed if it is more convenient for the measurements.













Figure 2.9: The observable AL/H is especially sensitive to the gP coupling in the decay B̄ → D∗τν.
One may also introduce the differential decay rates with the fixed charged lepton’s spin projec-
tions on the z-axis, λl = ±1/2.
d2Γ
dq2





























(|H+|2 + |H−|2 + |H0|2 + 3|Ht|2)
]
. (2.38)
As we could expect, the decay rate for the λl = 1/2 is negligible for for the light lepton. This
decay rate is additionally enhanced by the Ht helicity amplitude which is highly sensitive to the
effects of the pseudoscalar couplings. However, the spin projections of the τ are not directly
accessible experimentally. In principle, the information about these quantities can be retrieved
by analyzing the subsequent decays of τ , such as τ → π−ντ or τ− → `−ν̄`ντ . This would require
more sophisticated experimental and theoretical analysis, which we leave for the future studies.
Some related discussions are given in Refs. [60, 61].
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2.5 Full decay distribution for B → D`ν̄` and physical ob-
servables
In this section we study the observables that can be constructed from the full differential decay













|A(B̄ → D`ν̄`)|2, (2.39)
where q is three-momentum of `ν̄` pair in the rest frame of B meson. We already presented the
parametrization of matrix elements of vector current between the B and D meson states in eq.
(1.25). The matrix element of the scalar density c̄b between the B and D meson states is given
in eq. (2.5). The corresponding tensorial matrix element is parametrized by a single form factor
fT (q
2)





From this definition, one easily derives the form of the matrix element 〈D(p′)|c̄σµνqνb|B(p)〉,
needed in our discussion. Since D meson carries no spin, the only two non-vanishing hadronic
helicity amplitudes are:
h0,t(q
2) = ε̃µ∗0,t〈D|hµ|B〉. (2.41)






























We may now use these formulas to find the regions of currently allowed values of the non-standard
Wilson coefficients in the complex planes in Fig. 2.10.















Figure 2.10: Allowed values of the effective Wilson coefficient gS , derived from measurements of R(D)
ratio, defined in (1.3). The 68% confidence level region in the complex planes is shown in light green
and the 95% confidence level region is shown in light yellow. The best constraints to Wilson coefficients
gV,T are derived from the B → D∗ processes, shown in Fig. 2.9.
37
2.5. Full decay distribution for B → D`ν̄` and physical observables
The effects of the vector and tensorial coupling cancel in the ratio ratio R(D) defined in the
eq. (1.3). Correspondingly, we use the measured value of the branching fraction of the process
B → D`ν given in Ref. [67] to find the allowed regions for this coupling. The allowed region of
the scalar Wilson coefficient can be extracted from the measured value of R(D) = 0.440± 0.072
[16], while for the tensorial coupling we use again the branching fraction.





2) cos θ` + cθ`(q
2) cos2 θ`. (2.43)











































allow the construction of three independent observables. Integrating over the cos θ` results in









As in the case of B to D∗ process, one retrieves the information about the coefficient bθ`(q2) by


































For the third independent observable we choose the coefficient function cθ`(q2) normalized to the






We represent the sensitivity of the differential branching fractions to the allowed values of NP
couplings in the Fig. 2.11. Shown are the cases in which the deviations from the SM shape of
this observable are manifest. This observable shows the largest sensitivity to the allowed values
of scalar and tensorial couplings. The impact of scalar and tensorial couplings on the forward-
backward asymmetry are shown in Fig. 2.12. We note that this observable does not involve large
hadronic uncertainties and that the deviations from the SM shapes are allowed to be significantly
large by the currently allowed values of the NP couplings.
Finally, we represent the sensitivity of the observable Cθ`(q2) in the Fig. 2.13. This quantity
reveals the sole sensitivity to the effect of the tensorial operator, in the decay mode that involves
1To avoid the notational complications, we use the same labels for the angular coefficients as in the previous
section
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the light charged lepton in the final state. The sensitivity in the case ` = τ is obstructed by the
larger hadronic uncertainties.














































Figure 2.11: Sensitivity of the observable dBr`/dq2 in the B → D`ν processes to the values of the
non-standard couplings taken from the allowed region in Fig. 2.10. (a) The case in which the final lepton
is τ and the NP couplings is the scalar one. (b), (c) The cases with ` = µ, τ final state leptons and the
tensorial coupling.
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Figure 2.12: Sensitivity of the observable Aθ`FB(q
2) in the B → D`ν processes to the values of the
non-standard couplings taken from the allowed region in Fig. 2.10. We represent only the cases in which
the sensitivity is obvious. We choose the representative allowed values of couplings that give the largest
discrepancy with the SM.



















In this chapter we explored the effects of the NP on the maximal number of independent
observables that can be derived from the full differential decay distributions of the processes
B → D(∗)`ν`. We introduce the minimal number of assumptions about the structure of the non-
standard hadronic and leptonic currents. These assumptions lead to the effective Lagrangian
that parametrizes the effects of the heavy BSM fields at low energies. The full decay rates are
sufficient for the experimental determinations of the CKM matrix elements, but the angular
distributions are required for more precise searches for BSM effects. We construct the physical
observables that are experimentally accessible and do not involve large theoretical uncertainties.
The information carried by these observables is lost once the integrations over the angular vari-
ables are performed. We test the sensitivity of these observables to currently allowed values of NP
couplings and show that the significant deviations from the SM predictions in these observables
are still possible.
We find that the differential decay rate for the process B → D∗τντ is sensitive to the presence
of the pseudoscalar coupling, as can be seen in Figure 2.4. The forward-backward asymmetry
in the angle θ` for the processes B → D∗`ν` shows strong sensitivity on the new couplings
for decay channels that involve both heavy and light charged leptons in the final state. This is
demonstrated in the Fig. 2.5. The angular distribution over the angle χ offers the constructions of
two observables Ccχ(q2) and Csχ(q2). The first observable involves the real part of the interference
between the hadronic helicity amplitudes H+ and H− and its sensitivity to the new couplings
is shown in the Fig. 2.7. The observable Csχ(q2) involves the imaginary part of the interference
between these two hadronic helicity amplitudes and may reveal the presence of the CP violating
phases in the NP couplings. This observable is vanishing in the SM and was previously ignored in
the literature. Its sensitivity to the presently allowed complex values of non-standard couplings
is demonstrated in Fig. 2.8. One notices that the large deviations from the SM value of this
observable are presently allowed. Finally, we define the ratio of the differential decay rates
that corresponds to transversally and longitudinally polarized D∗ mesons. This observable can
be extracted from the angular distribution in the angle θD and reveals the sensitivity to the
pseudoscalar Wilson coefficient.
We repeat the analogous exercises for the decay channel B → D`ν and find that the differ-
ential decay rate is sensitive to the effects of gS,T,T5. The forward-backward asymmetry in the
angle θ` reveals currently allowed large deviations from the SM prediction. The third observable
Cθ`(q
2) is solely sensitive to the effect of the tensorial non-standard operator.
To summarize, we introduced a number of angular observables in decay processesB → D(∗)`ν`
and illustrated their sensitivity to currently allowed values of the non-standard Wilson coeffi-
cients. These observables do not involve large hadronic uncertainties and their measurements
might reveal interesting non-standard effects, not visible in the decay rates over q2 or in the
branching fractions. These could be useful tests of the effective weak Lagrangian in the future.
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Chapter 3
The B → D(∗)`ν` transitions and
specific models
3.1 Introduction
In the eq. (1.3) we introduced the observables R(D(∗)), respectively, defined as the branching
fractions of the B → D(∗)τντ decays, normalized to the corresponding branching fractions that
involve the light leptons (` = e, µ) in the final state
R(D) =
Br(B → Dτν)
Br(B → D`ν) ,
R(D∗) =
Br(B → D∗τν)
Br(B → D∗`ν) .
(3.1)
In May of 2012 the BaBar Collaboration reported evidence for an excess [16] of these two ob-
servables wrt SM expectations, calculated in Refs. [13, 14]:
R(D)exp = 0.440± 0.058± 0.042 [16], R(D)SM = 0.296(16) [13], [14],
R(D∗)exp = 0.332± 0.024± 0.018 [16], R(D∗)SM = 0.252(3) [14].
(3.2)
Their results for R(D(∗)) are consistent with the previous measurement performed by Belle
Collaboration [62] and are larger than the SM expectation by 2.0σ (2.7σ) with combined excess
of 3.4σ. The result are based on the full data sample of 471 · 106 BB̄ pairs which are produced
in e−e+ scattering at center-of-mass energy ∼ 10.6 GeV which corresponds to the mass of the
Υ(4S) resonance. After it is produced, this resonance decays dominantly to B̄B pairs. BaBar
Collaboration reconstructed τ leptons from their purely leptonic decays. They improved the
event reconstruction and signal efficiency gain by a factor of three relatively to their previous
measurement in 2007 [63].
Following these results, the SM prediction for R(D) was studied in Ref. [72] using the combi-
nation of the experimental input at low q2 and Lattice QCD predictions for large q2, giving the
prediction R(D) = 0.31(2), somewhat lowering the disagreement from the 2σ to below 2σ level.
Also, the new calculation of the form factor f0(q2), performed by the Fermilab lattice and MILC
collaborations [50], reduced the tension with the experiment in the observable R(D) by 1σ. The
disagreement of BaBar’s measurement with the theoretical expectations was followed by a lot of
interest in these processes. Studies performed by Babar Collaboration, [16] and [17] found that
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the 2HDM of type-II is disfavored as an explanation of BaBar’s anomaly. When interpreted in
this type of 2HDM, the two measurements require different values of tanβ/m+H , which excludes
this model with great confidence for any value of charged Higgs mass.
Several models were proposed in the literature as being able to accommodate the measure-
ments, including the 2HDMs of more general flavour structure [73, 75], the model of R-parity
violating MSSM [77] and non-universal left-right models [84]. The effects of charged scalars were
also studied in [74, 89]. Recently, models with the light leptoquarks were also studied in this
context in Refs. [80, 78, 79]. Related analysis that includes the tensor effective operator was
performed in Ref. [82]. The summaries of current experimental and theoretical status can be
found in [17, 83, 87].
In this chapter we study possible implications of this anomaly. If confirmed with higher
significance, it would imply the Lepton Flavour Universality Violation (LFUV) in the interactions
that involve the third generation of leptons and quarks. The universality of Fermi’s interactions of
muons and electrons was first proposed already in 1947 by Pontecorvo, shortly after the discovery
of the muon. The Lepton Flavour Universality (LFU) in the SM means that the leptonic currents
that involve all three generations of charged leptons couple to a W boson with the universal weak
coupling g2. It is tested to high precision in decays of pions and kaons that involve the first two
generations of leptons in the final states. The newest experimental measurements of ratios of
branching fractions of leptonic K− decays, Br(K− → µν)/Br(K− → `ν) agree with the SM at
a per mille level [94]. It is also worth to mention the following ratio measured at LEP [25]
R(W ) =
2Br(W → τ ν̄τ )
Br(W → eν̄e) +Br(W → µν̄µ)
= 1.055(23), (3.3)
which is at 2.4σ deviation from the SM prediction R(W ) = 0.999 [66]. Although not included in
the analysis, this observable may be taken as an indication that it is worth to question LFU in
the processes that involve the third lepton generation. Possible modifications ofW−`ν couplings
that might be revealed in low energy flavour processes and that come from the effects induced
by the right-handed (sterile) neutrinos were studied in the literature, e.g. [95]. In this chapter
we follow the analysis of [73] and consider the violation of the LFU by the effective, higher order
operators that originate from the BSM interactions. Also, the effects of a possible SM singlet
fermion that mimics the missing energy of the neutrino are included in the analysis. We also
consider indications of LFUV in processes that involve b→ u transitions. In order to relate these
processes to those that involve b → c transitions, one needs to specify the flavour structure of
BSM effective operators. We conclude that general flavour structure of the effective operators
is currently more favored as an explanation of an indication of LFUV than the corresponding
MFV structure. We explore several explicit models in which the required effective operators can
be generated and conclude the analysis by stating some prospects for future studies.
In the second part of this chapter we consider a phenomenological model which involves
a light colored scalar leptoquark, that is weak doublet whose weak isospin components have
fractional charges |Q| = 2/3 and |Q| = 5/3. We show that this framework can accommodate
the observed ratios R(D(∗)). The minimal ansatz for the Yukawa couplings of this leptoquark to
the fermions of the SM is introduced. This ansatz can be consistently embedded into a SU(5)
grand unification theory and is compatible with the fermion mass generation in this framework.
We study relevant low energy flavour constraints on the model and derive several predictions for
rare top and charm decays.
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3.2 The Lepton Flavour Universality (LFU) violation and
b→ c(u) transitions
Besides the hints from the b → c transitions, there are also clues of the violation of LFU from
the leptonic B → τν decays. The latest average value of the branching fraction of this decay
is Br(B− → τ−ν̄) = (11.4 ± 2.3) × 10−5 [98]. This is somewhat larger than the result of
the calculation that uses the Vub matrix element from the global CKM fit [9] as an input.
On the other hand, the experimental result of the exclusive semileptonic branching fraction
Br(B → π+`−ν̄) = (14.6± 0.7)× 10−5 is consistent with the global CKM fit. In order to avoid
the dependence on the CKM matrix element, we introduce the ratio [73] of the two branching





Br(B0 → π+`−ν̄) = 0.73± 0.15 . (3.4)
One may estimate the SM value of this ratio by using the latest value of the B meson de-
cay constant and lattice calculations of B → π form factors, [96] resulting in the prediction
R(π)SM = 0.31(6). The lattice calculation [96] of relevant semileptonic form factor f+(q2) in
B to π transitions results in lattice data points at high values of q2. These points can be
fitted to form-factor parametrization introduced in e.g. Ref. [97] so that the form factor de-
pendence on q2 can be extrapolated to the low q2 region. In order to avoid the uncertainties
from the extrapolation of the form factors, one may take into account only their values in the
high q2 region, q2 > 16 GeV2. The experimental value of the R(π) in this phase space region is
δR(π)/δR(π)SM = 1.52±0.32. The tension of the ratio δR(π) is at 1.6σ level, and the combined
excess of all three measured observable wrt to their theoretical SM values is at the level of 3.4σ.
In the following we interpret these disagreements as signs of LFU violation (LFUV) and
parametrize its origins with the set of higher dimensional effective operators, generated at the
scale above the EW symmetry breaking scale (v ' 174 GeV), so that they are invariant under
the SM gauge group





Qi + h.c. (3.5)






Since we study the (semi)leptonic transitions, the required effective operators are given by Lorentz
and SU(2)L contractions of the charged b → c(u) quark- and the leptonic currents, possibly
containing the Higgs doublet. The operators can induce the violation of LFU by either being
the τ lepton specific or by involving helicity flip (the derivative acting on the leptonic current
producing the factor of charged lepton mass). In the following two sections we derive the bounds
on new Wilson coefficients assuming that single operator contributes at the time. We than
discuss the implications for some specific models in which these operators can be induced.
The higher dimensional effective operators are chosen in such a way to avoid the tight con-
straints on the FCNC transitions in down-type quark sector and violation of LFU in processes
that involve first two generations of leptons and quarks. The former constraints come from
e.g. neutral meson mixings and the latter constraints come from the branching fractions of
(semi)leptonic decays of pions and kaons, and from decays τ− → π−(K−)ντ . The lowest di-
mensional operators that can modify R(D(∗)) and R(π) and satisfy the above criteria have the
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following form [73]
QL = (q̄3γµτaq3)Lµ3,a (3.7)









where τa = σa/2, σa are Pauli’s matrices, the leptonic current is L
µ
j,a = (l̄jγ
µτalj) and the down-
type quark mass basis is chosen, qi = (V
ji∗
CKMuL,j , dL,i)





Other operators of the mass dimension eight reduce to the above set of operators by the
equations of motion, or do not contribute to B → τν due to the vanishing of their matrix
elements between the state of B meson and the vacuum, 〈0|O|B〉. The operators OiL,R are
specific to τ flavour of charged lepton, while in the case of QiRL,LR the LFUV comes from
the helicity suppression of the leptonic current. This latter property can be demonstrated by
integrating these operators by parts in the corresponding action and ignoring the physically
irrelevant integral of the full derivative of an operator. The remaining terms can be rewritten by
using the equation of motion for the charged lepton and neutrino fields, which leads to a factor
of proportionality that involves m2` .
The requirement of the absence of down-type tree-level FCNCs is imposed by flavour align-
ment in the down sector for operators QL,QLR and QiRL. Still, there are residual contributions
to c → uνν̄ and t → c(u)νν̄ transitions from OL and QiRL operators. The first process is sub
dominant to the SM tree level contributions (i.e. D → (τ → πν)ν̄ [99]). We also consider the
additional operator of mass dimension six which contains the BSM light invisible (dark) fermion
ψ that could mimic the missing energy of SM neutrinos in the b→ uiτν decay [99]
QiψS = cψS(q̄ibR)(l̄3ψR) . (3.11)
Figure 3.1: Preferred regions of the couplings of the effective operators QLR (left) and Qiψ (right),
within their MFV structure. The 1σ region is shown in light pink and 2σ region is shown in light blue.
The 1σ constraints from R(D), R(D∗) and Rπ are drawn in full black, dashed green and dotted turquoise
contours respectively. The point of the best fit is marked with an asterisk.
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3.2.1 The case of Minimal Flavour Violation (MFV)
In this section we study the contributions of the higher order effective operators (3.7) within
their Minimally Flavour Violating (MFV) structure [33], which implies that the charged current
interactions that mediate b → q transitions (q = u, c) mimic the SM terms and involve the Vqb
CKM matrix elements. Thus, within MFV one can relate the effective couplings that contribute
to different charged current mediated transitions. In particular, since the CKM matrix elements
cancels out in the defined observables, the universal rescaled Wilson coefficients contribute to all
three of them. In this and the following section we assume that single operator contributes at
the time and perform the χ2 fit to three LFUV ratios.
The requirement for the absence of FCNCs at the tree level in the down sector determines the
flavour structure of operators QL and QLR to be of the MFV-type. The effect of the operator
τ -flavour specific operator QL is to rescale the SM predictions for R(D(∗)), R(π) by the factor
|1 + cL/2|2. The best fit to three observable ratios is obtained for |1 + cL/2| ' 1.18 and the value
of χ2 ' 4.0. The two ratios, R(D) and R(D∗) are well accommodated, while the R(π) remains
in the tension. We can also estimate the Λeff. given by 1/Λda−4eff. ≡ zL/Λda−4. In the case of
operator QL, the effective scale of NP probed is Λeff. = Λ|zL|−1/2 = v|cL|−1/2 ' 0.29 TeV.
The contribution of the operator QLR in the observable R(D) is readily calculated by the




= 1− 0.038<(cLR) + 3.6× 10−4|cLR|2,
R(D)
R(D)SM
= 1− 0.0076<(cLR) + 2.6× 10−5|cLR|2,
R(D∗)
R(D∗)SM
= 1− 6.2× 10−4<(cLR) + 1.2× 10−6|cLR|2,
(3.12)
with the rescaled version of the corresponding Wilson coefficient cLR = zLR(v/Λ)4. The best
fit point is cLR = −34 with the corresponding value χ2 = 8.5. The ratios R(π) and R(D) are
well accommodated, but the R(D∗) remains in the tension. Also, the central values of R(D) and
R(D∗) cannot be simultaneously accommodated for any value of cLR. The preferred effective
scale of the new physics turns out rather low Λeff. ' 70 GeV. The MFV for operator Qiψ is
imposed by setting ziψ = V
CKM
ib cψ(Λ/v)
2. The effect of this operator also depends on the mass
of the fermion, mψ. We vary the mass of the dark fermion and the coupling cψS and reach the
best fit pointmψ = 0, cψS ' 0.4. However, the significant tension between ratios remains (see the
right plot in Fig.3.1). Resulting preferred regions of the couplings of the effective operators QLR
and Qψ are shown in Fig. 3.1. The operators QiR, QiRL and Qiψ, for which the MFV requirement
implies ziR,RL ∼ mui, lead to a tiny effect in R(π) and are not considered in this section.
3.2.2 The case of general flavour structure
In the case when the effective operators have more general flavour structure, there are no longer
relations between b→ c and b→ u transitions as in the case of MFV. Since the flavour structure
of the QL and QLR is already fixed to be of a MFV-type by the requirement of flavour alignment
in the down-sector, in this section we consider the operators Qiψ and QiR,RL, whose Wilson
coefficients are parametrized by zcI = cI(Λ/v)
2 for the b→ c transitions and by zuI = εIzcI for the
b→ u transitions, where the index I = ψS,R,RL denotes the type of the operator.
The operator QiR rescales R(D) ratio by |1−cR/(2Vcb)|2 and ratio R(π) by |1+εRcR/(2Vub)|2.
Its influence on the ratioR(D∗) can be easily calculated, to result inR(D∗) = 0.252−0.22<(cR/Vcb)+
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Figure 3.2: Preferred regions for Wilson coefficients of effective operators QiR within their general flavour
structure (left plot, as a function of complex cR Wilson coefficient, and εR fixed to the best fit value), and for
QiRL (right plot, as a function of real cRL Wilson coefficient and the parameter εRL). Contour coding is the same
as in Fig. 3.1.
0.063|cR/Vcb|2. The values of the corresponding CKMmatrix elements were taken from the global
CKM fit [9, 10].
The result of the fit of the data to (cR, εR) pair is shown in the left plot of Fig. 3.2. All
three ratios can be accommodated with cR ' 0.04 ± 0.05 i and the value εR ' 0.15. This value
of the coupling introduces the presence of large CP violating contribution, which is, however,
suppressed by the effective scale of the order v|=(cR)|−1/4 ' 0.4 TeV. The contributions of the
operator QRL can be obtained by straightforward modification of the calculation for the QLR.
Also, the contributions from the operator QRL can accommodate all three observables for the
values of the coefficients cRL ' 11 and εRL ' 0.084, see the right plot of Fig. 3.2. These values
of the coupling points to too low effective scale of NP, v|cRL| ' 97 GeV. The fit for the Qψ is
not improved relatively to the MFV case.
3.2.3 Explicit models and future prospects
We now explore possible realizations of the higher order effective operators in explicit models.
The operators QRL and QLR are generated in the two-Higgs doublet models (2HDM). The tradi-
tional, Natural Flavour Conserving (NFC) models: type-I, type-II, lepton specific and "flipped"











We impose the bound mH+ ≥ 80 GeV from the direct searches of charged Higgses at LEP, [101],
and perturbativity of the Yukawa couplings which is satisfied for 1 . tgβ . 100 [30]. We find
that none of the four NFC models accommodates the three LFU ratios.
The two Higgs doublet models with general flavour structure offer more independent Yukawa
couplings and can accommodate the observed LFU ratios. The two Higgs weak isospin doublets
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for j = 1, 2. The physical, neutral Higgs boson fields are
h =ρ1 sinα− ρ2 cosα,
H =− ρ1 cosα− ρ2 sinα,
(3.15)
and the pseudoscalar Higgs is
A = η1 sinβ − η2 cosβ. (3.16)
The Goldstone bosons are "eaten" to give masses to W± and Z0 gauge bosons. The charged
Higgs field is given by the following linear combination
H+ = −φ+1 sinβ + φ+2 cosβ. (3.17)
The Yukawa interactions of these doublets to SM fermions are given by
L =Q̄LY U1 URΦ̃1 + Q̄LY D1 DRΦ1
+Q̄LY
U





1 ERΦ1 + L̄LY
E
2 ERΦ2 + h.c.
(3.18)
The fermion masses are given by
mf = v
(





where the vacuum expectation values of the doublets are v1 = v cosβ, v2 = v sinβ with v '
174GeV. The couplings of the charged Higgs to the SM fermions are given by
LH+ = d̄L
(




















































One interesting limit is that only one Higgs obtains a vacuum expectation value, corresponding
to sinβ = 1. Only Φ1 gives the masses to fermions and to the gauges bosons and the charged
Higgs is a part of the second doublet Φ2. The interaction terms L ⊃ κiRLq̄3uiRΦ2 +κiLRb̄RΦ†2qi +
κτ τ̄Rl3Φ2 + h.c. generate ciτRL = −κi∗RL(κτv/mτ )(v/mH+)2 and ciτLR = −κi∗LR(κτv/mτ )(v/mH+)2
Wilson coefficients for the operators i∂µ(ūiH̃†τaq3)J µ3,a and i∂µ(q̄iτaHbR)J µ3,a operators. Now,
both of these operators contribute to the LFUV ratios, and the resulting regions of the best
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Figure 3.3: Preferred regions of the values of κcRLκτ and κcLRκτ )(v/mH+ )2. The 1σ(2σ) region is shown in
lighter (darker) blue
fit give two solutions for (κuLR − κuRL)κτ ' {0.9,−4} · 10−3(mH+/v)2, and two solutions for
(κcRLκ
τ , κcLRκ




2 in the Fig. 3.3. The products κc(u)RL κ
τ are several orders of
magnitude larger than the Yukawa couplings that give masses to up and charm quarks. One
should note that, in order to satisfy FCNC bounds from neutral meson mixings, there should be
at least an order of magnitude cancellation between different contributions. If such a charged
Higgs is lighter than the top quark, it could be observed in t→ bH+ decays. The null results of
existing searches at ATLAS and CMS imply |κtRL,LR| . O(0.2− 0.4) for the H+ mass between
80 GeV and 160 GeV [102].
Modifications of the (semi)leptonic transitions that involve the third generation of SM fermions
are also possible in the scenarios of dynamical electroweak symmetry breaking and in models
of Higgs compositeness in which also the third generation of leptons and quarks are completely
or partially composite [108]. In such scenarios the contributions to the operator QLR can be
induced by the exchange of vector resonances. The corresponding Wilson coefficients are then


























4π and mρ ∼ O(TeV) are the strong sector vector resonance coupling and mass,
while mQ . O(TeV) is the mass of the strong sector fermion resonances (Q) transforming as
(3,2, 1/6) under the SM gauge group. Coefficients fq,li ∈ [0, 1] are compositeness fractions of
i-th generation of left handed quarks and leptons respectively. These parametrize the mixing of
chiral fermions with strong sector fermion resonances, assuming down type mass alignment, while
yQd,Qui are the couplings of right-handed chiral up- and down-type quarks to the composite Higgs
and Q fermion resonance fields in L ⊃ yQdi Q̄HdiR + yQui Q̄H̃uiR + h.c.. For simplicity we assume
the scenario in which the third generation of quarks and leptons is completely composite (f l3 =
fq3 = 1), while the first two generations of left-handed fermions can be completely elementary.
We set gρ =
√
4π and fit mρ, ε32 ≡ yQd3 yQu2 v2/m2Q and ε31 ≡ yQd3 yQu1 v2/m2Q to the three LFU
ratios. A good fit to all three observables is obtained for mρ ' 1 TeV in two regions, around
ε32 ' 0 and ε31 ' −0.006 but also ε32 ' 0.009 and ε31 ' 0.04. Note that non-zero value of
the εi is required to simultaneously fit R(∗) and R(π) within 1σ. This coefficient signals the
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compositeness of right-handed quarks. Similarly to the H+ in 2HDMs, the strong sector charged
vector resonances are susceptible to τ + 6ET and tb resonance searches [103] at the LHC. Another
interesting channel is the resonant or Higgs associated production of fermionic Q resonances
through dig or uig fusion.
We may also consider various scenarios that involve leptoquarks. In principle, scalar lepto-
quarks with SM quantum numbers (3,3,−1/3), (3̄,2,−7/6) and (3,1,−1/3) as well as vector
leptoquarks (3,3, 2/3), (3̄,2, 5/6) and (3,1, 2/3) can contribute to (semi)leptonic charged cur-
rent meson decays at the tree level. In general they will also induce FCNC operators and are
tightly constrained, e.g. Ref. [105]. More detailed discussion of these possibilities can be found
in [73].
The indications of LFU violation in B → D(∗)τν and B → τν decays could be verified in
other decay modes, for example the branching fraction of B → πτν could test these effects in
b→ uτ ν̄ transitions. We estimate the SM value of this observable
Br(B → πτν)
Br(B → π`ν) = 0.68± 0.03, (3.23)
using form factor calculations from the lattice [96, 104]. The hadronic uncertainties in this
process are dominated by the shape of the scalar form factor which can be extracted from
the lattice simulation in Ref. [109]. Measurement of this observable should be possible at new
generations of B-factories. It would help to disentangle the possible underlying NP operators
in (3.7) that give different contributions to this observable, compared to R(π) ratio. A similarly
useful observable which could probe LFU in b → c transitions is the purely leptonic decay of
the Bc meson Bc → τν. However, it turns out to be much harder to experimentally access this
decay process.
The NP interpretations of the LFU violation in B decays have also interesting implications
for the direct searches at the LHC. In addition to the model dependent searches for on-shell
production of the relevant NP states, there are also some generic signatures that are more
tightly related to the fact that LFU violation is seen in B decays. All the models either predict
contributions to h+ τ + 6ET channel where h is the physical neutral Higgs boson (for the models
that match onto QiR, QLR and QiRL EFT operators), the monotop t+ 6ET signature (for QL and
QiRL operators) or the (t+)τ + 6ET channels. The latter are possible for all EFT operators, but
the final state with a top quark is directly related to the strength of B decay LFU anomalies
only for QL and QLR operators.
To summarize, we have interpreted recent BaBar anomaly in b → c semileptonic transitions
that involve τ lepton in the final state, together with some tensions in b → u transitions as
the signs of the LFUV in interactions that involve the third generations of quarks and leptons.
We parametrize possible NP by the higher dimensional operators that introduce LFUV either
by being τ -flavour specific or by involving the helicity flip. We have considered the NP oper-
ators within their MFV structure and the general flavour structure and shown that the LFUV
observables can be only partially accommodated with the effective operators within their MFV
structure. Better fit to current data is provided by right-right vector or right-left scalar currents
of more general flavour structure. We have found that such effects can arise from the 2HDMs
and from models with (partially) composite quarks and leptons.
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3.3 Minimally flavoured coloured scalar and b→ c`ν transi-
tions
In this section we consider the scenario which involves the light color triplet, weak doublet
scalar leptoquark with the hypercharge 7/6 to address the aforementioned BaBar anomaly in
observables R(D(∗)) [78]. The effects of this state on the semileptonic transitions are induced
through the minimal set of Yukawa couplings to the SM fermions. For these couplings we
introduce the minimal ansatz that affects the b→ c`ν` transitions and is consistent with the tight
constraints that come from rare decays of charmed and strange mesons and of τ lepton [105, 110].
The simple SU(5) GUT [121] has two main drawbacks: its prediction of the mass relations
[115] between the down-type quarks and charged leptons at the unification scale translates into
low energy values of the down-type fermion masses that do not agree with the experiment, and
the unification of the gauge couplings of the SM is not achieved. We consider the leptoquark field
that can be embedded in a 45-dimensional scalar representation of SU(5) [115, 116, 117, 118, 119].
This scalar representaion can help provide viable gauge coupling unification, see [116, 117, 118,
119]. It appears in a number of studies [111, 105, 112, 113, 114] of the effects induced by
the leptoquarks on low energy phenomenology. We also investigate whether the minimal set of
Yukawa couplings can be made compatible with the fermion mass generation mechanism within a
simple SU(5) setup that incorporates the 45-dimensional scalar representation. We first examine
the effects of this state on the semileptonic B to D(∗) semileptonic decays and then proceed to
systematically study its impacts on the Z → bb̄ decay, muon anomalous magnetic moment, τ
electric dipole moment and Lepton Flavour Violating (LFV) decays µ → eγ, τ → µγ, eγ. We
also point to additional rare top and charm decays that can reveal the presence of this state.
In the following section we list all color triplet scalar leptoquarks that can influence the
b → cτ ν̄ transitions. We single out the color triplet we focus on in the rest of our study and
specify the minimal set of Yukawa couplings that is required to address the BaBar’s puzzle.
3.3.1 Color triplet candidates
The b→ c`ν̄ transitions can be mediated at the tree level by color triplet bosons with renormal-
izable leptoquark couplings to the SM fermions. These bosons can be either scalars or vectors
with electric charges of |Q| = 1/3 and |Q| = 2/3. We consider only the scalar leptoquarks,
since the vector boson leptoquarks generically prefer masses which are of the order of the uni-
fication scale. We list quantum numbers of all states with potential contributions to b → c`ν̄
decay in Tab. 3.1 where we specify their SM quantum numbers as well as hypercharges. We also
show possible scalar contractions of the SM fermions, and present associated baryon (B) and
lepton (L) numbers. We disregard the two leptoquarks that residue in (3, 1)−1/3 and (3, 3)−1/3
(SU(3), SU(2))Y spin LQ couplings 3B L
(3, 2)1/6 0 QνR, dRL +1 −1
(3, 2)7/6 0 Q`R, uRL +1 −1
(3, 1)−1/3 0 Qiτ2LC , dRνCR , uR`
C
R
(3, 3)−1/3 0 Qτ iiτ2LC
Table 3.1: Scalar leptoquarks that contribute to the transition b→ c`ν̄ at tree level
representations of the SM because they can induce unacceptably large proton decay rate, see
Ref. [123]. The scalar leptoquark with the hypercharge Y = 1/6 couples to the right handed
neutrino and we do not consider this option because it would require additional justifications of
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the origin of the light right-handed neutrino. The only scalar left, on the other hand, couples to
the left-handed neutrino and interferes with the SM semileptonic amplitude. In the following we
denote this scalar with ∆ ≡ (3, 2)7/6. Yukawa couplings of ∆ to the SM fermions are given by
the following Lagrangian
L = `R Y ∆†Q+ ūR Z ∆̃†L , (3.24)
where the conjugate leptoquark field is ∆̃ = iτ2∆∗. Transition to the mass basis splits the
Yukawa couplings of the weak doublets to two sets of couplings relevant for the upper and the
lower doublet components. We work in the mass basis of down-type quarks and charged leptons
in which all relative rotations are assigned to neutrinos and up-type quarks. The transition to this
basis is then performed with the rotations uL → V †CKMuL and νL → VPMNSνL, where VPMNS
is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing matrix. In this basis we can
unambiguously define Y and Z matrices. The two isospin components of the colored scalar,
∆(2/3) and ∆(5/3) then couple to the fermions through the following Lagrangians:
L(2/3) = (¯̀RY dL) ∆(2/3)∗ + (ūR[ZVPMNS ]νL) ∆(2/3) , (3.25)
L(5/3) = (¯̀R[Y V †CKM ]uL) ∆(5/3)∗ − (ūRZ`L) ∆(5/3) . (3.26)
The flavour changing processes in the first two generations of quarks and leptons are well fitted
with the parameters of CKM and PMNS matrices. These agreements are not disturbed by the
new leptoquark state if we introduce the minimal set of Yukawa couplings needed to explain the
b → cτ ν̄ branching fraction. Hence, we only require nonzero coupling of ∆(2/3) to τ̄ b but not
to b̄µ or b̄e since the transitions b → c`ν̄, with ` = e, µ fit well in the SM. We also require that
only c quark but not u or t couples to neutrinos. These requirements then lead to the following
textures
Y =
0 0 00 0 0
0 0 y33
 , ZVPMNS =
 0 0 0z21 z22 z23
0 0 0
 . (3.27)
The Yukawa couplings of ∆(5/3) are related to the above ones through CKM and PMNS rotations:
Y V †CKM = y33






 , Z =
 0 0 0z̃21 z̃22 z̃23
0 0 0
 , (3.28)
where z̃2i are linear combinations of z2j with the coefficients given by the elements of PMNS
matrix. One may note that the couplings of τ to up-type quarks in the matrix Y VCKM are
suppressed by the smallness of the corresponding CKM matrix element Vub. Later we argue
that the above ansatz is compatible with the SU(5) framework and is preserved under the
renormalization to the high energy scales associated with the unification.
3.3.2 The (3, 2)7/6 and b→ cτν transitions
In many previous studies of the BaBar’s anomaly the effective operator contributions were in-
cluded individually into the decay amplitudes. The possible effects of the six dimensional four-
fermion operator (c̄RσµνbL)(¯̀RσµννL) were studied in depth in the Ref. [82]. Our leptoquark
model simultaneously results in tensorial contributions of this type as well as (pseudo)scalar
operators. After integrating out the (3, 2)7/6 leptoquark field at the tree level and performing
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the appropriate Fierz transformation of the resulting effective operator, one gets the following











where m∆ is the mass of the isospin component of the LQ with charge |Q| = 2/3. Note that
the Wilson coefficients of scalar and tensor operators, gS and gT , are uniquely determined and
correlated. The above effective Lagrangian affects the semileptonic decays with the τ lepton, but
contrary to the SM the final state neutrino is not necessarily a ν̄τ . However, only the part of the
induced amplitude that contains ντ will interfere with the SM amplitude, and we consequently
neglect the piece in the Lagrangian that involves other neutrino flavours. This implies the










We may ignore the small radiative QCD corrections that arise from the distances that are smaller
than the mass of the leptoquark, which means that the scalar and tensor couplings are related
at the matching scale m∆









Hadronic (pseudo)scalar and tensor operators in (3.29) have non-zero anomalous dimensions
under QCD interactions. The dependence of their matrix elements on the renormalization scale



































Anomalous dimension coefficients are γS = −8, γT = 8/3 (see the Appendix B) and the familiar
coefficient is β(f)0 = 11 − 2/3nf , where nf is a number of active quark flavours. The relation
between the Wilson coefficients, given in (3.31), is valid at matching scalem∆ which we set to the
m∆ ' 500 GeV. The coefficients are then run to the scale of the mass of the beauty quark, i.e.,
µ = mb = 4.2 GeV, at which the matrix elements of hadronic currents are calculated. Difference
between running of gS and gT modifies the matching scale relation (3.31) to the following relation
at hadronic scale:
gT (mb) ' 0.14 gS(mb). (3.33)
3.3.3 Leptoquark ∆ and B → Dτν
The exclusive decay amplitudes for the B → Dτν transition contain the hadronic matrix el-
ement of the vector current, conventionally parametrized by form factors f+(q2) and f0(q2)
in (1.25). The presence of the tensor operator requires additional form factor fT (q2). The
relevant parametrization is introduced in (2.40) and conveniently repeated here
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Figure 3.4: Values of the Wilson coefficient gS(mb) (gT (mb) ' 0.14 gS(mb)) consistent at 2σ
with BaBar Collaboration’s measurements of ratios R(D) (bright ring) and R(D∗) (darker ring).
The 1σ (2σ) region, fitted to the two constraints, is doubly (singly) hatched.
As usual, the scalar matrix element is related to f0(q2) form factor through PCVC relation given
in (2.5). The differential branching ratio can then be calculated from the formula
dBr
dq2





















































where λ denotes the usual triangular function λ(m2B ,m
2
D, q
2) = (m2B −m2D− q2)2− 4m2Dq2. The
constant value of the ratio fT (q2)/f+(q2) = 1.03(1) is evaluated in the model of Ref. [52] and is
used in the evaluation of the branching ratio in eq. (4.63). This ratio is equal to unity in the HQ
limit, in which the both form factors are given in terms of the universal Isgur-Wise function by
the relation f+(q2) = fT (q2) = mB+mD2√mBmD ξ(w). For the shapes of vector form factors we use the
results which are presented in the section 1.7.
3.3.4 Leptoquark ∆ and B → D∗τ ν̄
As we saw in the section 1.1, the matrix elements of the vector and axial currents needed for
the evaluation of the amplitude of the process B → D∗τ ν̄ involve one vector and three axial
form factors. The mediation of the (3, 2)7/6 leptoquark induces the effective Lagrangian that
contains the tensor operator which requires the knowledge of additional tensor form factors. For
the parametrization of the tensor hadronic matrix elements, we adopt the form found in the
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Ref. [82]



















The parametrization of vector and axial vector hadronic currents in the B → D∗ transition is
given in (1.76) (section 1.7). The tensorial form factors from the parametrization (3.36) are
related in the heavy quark limit to the universal Isgur-Wise function [82] as following
T0(q
2) = T5(q
















The w dependence of the function hA1(w) is given by the relation (1.76). Since it coincides with
the universal Isgur-Wise function in the heavy quark limit, we can use this function in place of
the ξ(w) in the relation (3.37).
One finds that the contributing vector and axial-vector, pseudo-scalar and tensor amplitudes
are given in terms of corresponding hadronic and leptonic helicity amplitudes (see the discussion






















The metric factor η has values η±,0 = 1 and ηt = −1. One can insert these amplitudes into
the formula (2.12) and integrate over all kinematical variables to get the branching fraction
as the function of the gS and gT couplings. We constrain the allowed values of these Wilson
coefficients using BaBar’s measurements of the ratios R(D) = Br(B → Dτν)/Br(B → D`ν)
(R(D∗) = Br(B → D∗τν)/Br(B → D∗`ν)) as shown in Fig. 3.4, where also the result of the fit
to both ratios is shown. We derive 1σ range for the Wilson coefficient gS at the low scale
gS(mb) = −0.37+0.10−0.07 , (3.39)
where we have assumed gS to be real in estimating the error bars. The coupling gS at the
matching scale, defined in Eq. (3.31), is rescaled by factor 0.64 with respect to the above value
due to αS corrections (3.32).
3.3.5 Z → bb̄
The presence of a light colored leptoquark state introduces a number of consequences for the
low energy phenomenology of several processes. We can use the precise measurements of the
observables related to these processes to derive constraints on the parameter space of our model.
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First we explore the decay modes of Z boson to ff̄ pairs, precisely measured at LEP experiments.















where g2 denotes the weak coupling, cW is the cosine of the Weinberg angle and PL,R = (1±γ5)/2
are the usual chiral projectors. The SM values of the couplings are gb0L = −1/2+s2W /3 and gb0R =
s2W /3. Higher-order electroweak corrections that renormalize g
b
L,R get largest loop contributions
from a top quark. Recent electroweak fit that includes updated theoretical predictions and new
results from LHC points to tensions in the Z → bb̄ observables reaching above 2σ significance in
Rb and AbFB [125, 126]. The shifts with respect to the SM values of couplings are found to lie in
the regions
δgbL = 0.001± 0.001 , δgbR = (0.016± 0.005) ∪ (−0.17± 0.005) . (3.41)
The isospin component ∆(2/3) couples to bτ pair with the coupling y33 and induces the loop
contribution proportional to |y33|2 in the Z → bb̄ amplitude so we can directly constrain the











where x = m2∆/m
2
Z . The corrections to the self-energies of electroweak gauge bosons that are
quantified by the S, T , and U oblique parameters do not result in the constraints on the lepto-
quark Yukawa couplings as long as the two mass eigenstates are approximately degenerate [128].
We assume that this is at least approximately true and we use the single label m∆ for the
masses of both isospin components of the leptoquark. We use the value for the mass of Z boson
mZ = 91.2 GeV and the square of the sine of Weinberg angle s2W = 0.231. The limit of the loop







(log x+ 2/9 + iπ). (3.43)
Since the τ leptons are allowed to be on-shell in the loop the relevant loop function g2(x) produces
the imaginary part of the correction to the gbL coupling. However, the constraint from the
electroweak fit in eq. (3.41) is sensitive only to the interference term between the real value of
gbL and the complex δg
b
L(y33) so we may concentrate only on the real parts. The constraint on
the Re [δgbL(y33)] = 0.001 ± 0.001 is represented in Fig. 3.5 in terms of m∆ and |y33|. For m∆
above 300 GeV large portion of preferred |y33| range lies within the nonperturbative regime that
is situated above a bright dashed line in Fig. 3.5. In order to maintain a predictable setup we
assume that coupling y33 is perturbative, i.e., |y33| <
√
4π. Contributions to δgbR in this scenario
are further suppressed by m2b/m
2
∆ and can be safely neglected. Later on, when we discuss the
grand unified theory (GUT) embedding, we will find that the perturbativity of Yukawa couplings
all the way to the scale of unification puts a more stringent upper bound on |y33| at the low energy
scale.
One might also expect that the constraints on the coupling y33 can come from the atomic
parity violation experiments. Our ansatz ensures the absence of tree-level contribution to parity-
odd ūu− e+e− operators of the canonical dimension six. These can be generated in our scenario
only through the loop-induced Z−ūu vertex, [127]. The vertex Z−ūu is induced in our model by
the loop that involves vertex of leptoquark component ∆(5/3), the τ lepton and up quark. This
coupling is, however, suppressed within our Yukawa ansatz by the factor |Vub|2 (see eq. (4.56)).
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Figure 3.5: The 1σ interval of the Re [δgbL] = 0.001± 0.001 is represented by the colored area in
the m∆–|y33| plane. Solid line represents the central value, and horizontal dashed line bounds
the region above which the coupling is non-perturbative.
3.3.6 Lepton electromagnetic moments
Lorentz invariance and conservation of the electromagnetic current tells us that the vertex ``γ
can be parametrized by three form factors in the following (see i.e [21])














The corresponding electromagnetic vertex that includes lepton legs is modified by penguin dia-
grams involving virtual exchanges of ∆(5/3) and charm quark. For the muon the Z couplings in
Lagrangian (Eqs. (3.26) and (4.56)) will contribute to the magnetic moment FM (q2), but not to
the electric dipole moment F `d(q
2) which is a CP violating quantity and requires two different
couplings with different imaginary phases. For the τ lepton there are two distinct couplings
Y VCKM and Z that are sufficient to generate the electric dipole moment (EDM).
Muon (g − 2)
The two penguin diagrams and associated field renormalization factors that contribute to (g−2)µ
can be calculated with the use of Feynman rules given in C.2. After we calculate the relevant
amplitude, we decompose it as in eq. (3.44) and identify the function FM (q2). We then set q2 = 0
and expand FM (0) to first order in m2µ. We find that the anomalous moment of muon is shifted
due to new contribution of ∆(5/3) by the amount
δaµ ≡ FµM (q2 = 0) = −
3|z̃22|2m2µ
16π2m2∆
[QcFq(x) +Q∆F∆(x)] , (3.45)
where x = m2c/m2∆. The loop functions Fq(x) and F∆(x) are given by
Fq(x) =
x3 − 6x2 + 3x+ 6x log x+ 2
6(x− 1)4 ,
F∆(x) =
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in agreement with the result found in Ref. [129]. We can compare the prediction of this shift,
δaµ with the value reported by the PDG [25]
δaexp−SMµ = (287± 80)× 10−11 , (3.47)
to observe that aµ is pulled further away from the experimental value. The best fit point
corresponds to the SM limit, and is 3.6σ below the measured value (χ2SM = 12.87). We determine
the allowed 1σ range from the condition χ2−χ2SM ≤ 1σ that translates to the following constraint
|δaµ| < 10.9× 10−11. (3.48)





We represent the corresponding allowed range in the |z̃22| region plot in the Fig. 3.6. This bound
will also need to be reconsidered in view of the GUT embedding we present in section 3.3.8.
It can be considered as a correct upper limit if one discusses simple extension of the SM with













Figure 3.6: Allowed range of |z̃22| by the experimental value of the muon magnetic moment
(shaded region).
Electric dipole moment of τ lepton
The penguin diagrams in which the isospin component ∆(5/3) couples to fermions with different
couplings may generate electric dipole moments (EDM) of fermions. Here we focus on the
contributions that are proportional to the product of Y V †CKM and Z. The two couplings have
opposite chiralities so a helicity flip of the internal charm propagator is needed, leading to the
proportionality to mc. The two penguin diagrams introduce the following EDM of the τ lepton













Current experimental bounds from reported by Belle Collaboration [130] are too weak to directly
probe the parameter range that is preferred by the results from B → D(∗)τ ν̄ decays. From the
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90 % confidence level range −2.2 × 10−17e cm < dτ < 4.5 × 10−17e cm one finds weak bound
on =[Vcbz̃∗23y∗33] which is less constraining than the requirement of the coupling’s perturbativity.
The latter requirement, |z̃23y33| < 4π leads to the upper bound on EDM of tau lepton, |dτ | <
2.6× 10−21 e cm.
3.3.7 `→ `′γ decays
The Lepton Flavour Violating (LFV) decay τ → `γ is mediated at loop by the contributions of
the ∆(5/3) scalar and a charm quark. The relevant decay amplitude can be written as a sum
over two photon polarization amplitudes
Aτ→`γ = ¯̀(p′)σµν ε∗µ(q)qν (Aτ`PR +Bτ`PL) τ(p), (3.51)
where q = p− p′ and ε denotes the polarization vectors of the final state photon. The branching
ratio with summed polarizations of the final photon is given by




(|Aτ`|2 + |Bτ`|2). (3.52)














2`(3 + 4xc log xc)
]
, (3.53)
Bτ` = 0, (3.54)
where xc = m2c/m2∆. Once again, the helicity flip of the internal charm propagator which connects
the two vertices that involve opposite chiralities of quarks and couplings Vcby33 and z̃2l. If one
considers a contribution proportional to z̃2`z̃23 a helicity flip on the lepton legs is required. The
insertion of mass of τ contributes to Aτ` while the contribution of µ mass insertion to Bτ` is
negligible. The decay µ → eγ then proceeds only through the second term in (3.53) and is






21(3 + 4xc log xc) , (3.55)
The amplitude Bµe involves the helicity flip on the electron leg and is negligible as it is pro-
portional to the electron’s mass. The experimental bounds on LFV radiative decays of τ were
presented by BaBar collaboration in Ref. [131] and are given by (at 90% C.L)
B(τ → eγ) < 3.3× 10−8 , B(τ → µγ) < 4.4× 10−9. (3.56)
These results tightly constrain the combination of couplings, present in eq. (3.53). The experi-
mental upper limits for µ→ eγ branching ratio are several orders of magnitude more stringent.
We rely on the latest upper limit presented at 90% C.L by the MEG experiment in Ref. [122]
Br(µ→ eγ) < 5.7× 10−13. (3.57)
We interpret the constraints on our Yukawa coupling ansatz within the context of GUT frame-
work in the following section.
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3.3.8 GUT connection between `→ `′γ and B → D(∗)τ ν̄
One can demonstrate the compatibility of the low energy ansatz (3.24) with a SU(5) GUT
framework. The detailed discussion is found in Ref. [78]. The scalar leptoquark field ∆ with
couplings to the SM fermions can be found in 45-dimensional scalar representation of SU(5)
gauge group [121, 132]. The 45-dimensional scalar representation, together with additional 5-
dimensional scalar representation are needed to generate realistic fermion masses [115]. The
couplings of ∆ to fermions which are proportional to Z originate from the SU(5) invariant
Yukawa terms at the unification scale: (Y1)ij10i5j45 and (Y3)ij10i5j5, where 10i and 5i to-
gether comprise an entire generation of fermions [121]. One can then impose the ansatz (3.27) on
these Yukawa terms at the scale of unification, resulting in relations that connect fermion mass
matrices of down-type quarks and charged leptons with the original Yukawa couplings. The
stability of the low energy Yukawa couplings ansatz under the RG flow up to unification scale
can be demonstrated. The estimate of the radiative correction effects is done under simplifying
assumption that the only light degrees of freedom are the SM particles and the leptoquark ∆. A
numerical solution of these equations leads to the following ratios between z̃21, z̃22 and z̃23 that
mimic mass hierarchy in the down-type quark and the charged lepton sectors
z̃21 : z̃22 : z̃23 = 0.024 : 0.32 : 1 . (3.58)
Also, for the values of |z̃2i| . 0.5, i = 1, 2, 3, at the low energy scale, the perturbativity of Yukawa
couplings all the way to the GUT scale is preserved, together with the form of the ansatz given
in (3.27). The same study yields that the low energy value of |y33| should be below 0.8 in order
to preserve perturbativity.
Note that there are two distinct hierarchies between the Yukawa couplings of our model.
The ansatz in eq. (3.28) implies the hierarchical suppression of the couplings of ∆(5/3) to charm
quark and charged leptons, with factors Vub, Vcb and Vtb. The hierarchy (3.58) in the Z matrix
originates from the requirement of realistic fermion masses in the GUT framework. These two
hierarchies can be used to reduce the parameter set of the model to two independent Yukawa
couplings. For these independent couplings we choose y33 and z̃22, the coupling of ∆(5/3) scalar
to cµ pair. The PMNS rotation that connects z̃2j and z2k couplings reduces to a simple linear
relation between z̃22 and z23 when eq. (3.58) is applied
z23 = z̃2kVPMNS,k3 ≈ z̃22 c13(s23 + 3.22 c23) . (3.59)
The numerical factor 3.22 in eq. (3.59) comes from the hierarchy between z̃2k couplings. The
coefficients sij and cij denote the sine and cosine of the corresponding angles of PMNS matrix.
Using the 3σ ranges for mixing angles from a recent PMNS fit [?] we find
z23 = ωz̃22 , 2.63 < ω < 3.17 . (3.60)
Effect of the aforementioned experimental constraints on (3, 2)7/6 with the minimal Yukawa
texture (3.27), additionally restricted by the pattern of fermion masses, is shown in the Fig. 3.7.
The µ → eγ observables have the most important role next to constraint on gS . An order of
magnitude improvement on the experimental bound on µ → eγ would cause tension with the
R(D(∗)) observables, and smaller values of the gS coupling would be preferred. Note that only
the 2σ region (hatched in Fig. 3.7) is overlapping with the region where y33 is perturbative all
the way to the GUT scale. The 2σ region at m∆ = 500 GeV in the y33 − z̃22 plane implies the
following bounds
|y33| > 0.74 , |z̃22| < 0.037. (3.61)
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Figure 3.7: Constraints on the couplings to bτ (y33) and to cµ (z̃22) coming from the 1σ region
of R(D(∗)) (thin hyperbolic region), 90 % CL upper bounds on µ → eγ, τ → µγ and τ → eγ.
Dashed frame represents the region where couplings remain perturbative all the way to the GUT
scale, as explained in the text. Doubly (singly) hatched area is allowed at 1σ (2σ).
Region that satisfies perturbativity of the couplings all the way to the GUT scale, outlined by
dashed frame in Fig.3.7, restricts the above 2σ ranges to
0.74 < |y33| < 0.80 , 0.021 < |z̃22| < 0.032 . (3.62)
These bounds can be further put to use to generate limits on allowed values of v45. We find,
using the GUT deduced values for the product v45z̃2j , j = 1, 2, 3, that
fRGE 5.0 GeV < v45 < fRGE 7.6 GeV. (3.63)
This, in turn, confirms that the GUT embedding is self-consistent as the required values for v45
lead to small radiative corrections to Yukawa couplings.
3.3.9 Predictions
Bc → τν
The leptonic decays Bc → τντ could, in principle, probe the (pseudo)scalar operator of effective
Lagrangian (3.30) while being insensitive to the tensor operator due its vanishing matrix element
between the states of B meson and vacuum, 〈0|c̄σµνb|B〉.
The value of decay constant of Bc meson, fBc = 0.427(6)(2) GeV has been recently calculated
in lattice QCD by HPQCD Collaboration [135]. The branching ratio of the process in the SM is
calculated with the formula
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where the factor r is given by
r =
∣∣∣∣∣1 + m2Bcmτ (mb +mc)gS
∣∣∣∣∣ . (3.65)
The lifetime of Bc meson is denoted by τBc and gS is the Wilson coefficient defined in Eq. (3.31).
The HPQCD Collaboration gives SM prediction Br(Bc → τν) = 0.0194(18). For the best fit
value gS = −0.37 the branching ratio is suppressed by the factor r2 ' 0.36 with respect to SM,
while also large enhancement is allowed for some of the preferred values of the Wilson coefficient
gS from the Fig. 3.4. Possible large enhancement by the same operator, but in the context of Two
Higgs Doublet models was also recently reported in [136]. One should note that the production
rate of the Bc meson at high energy colliders is several orders of magnitude smaller than for other
B mesons [137], and the observation prospects for Bc leptonic channels are not very promising
at this moment.
t→ cτ+τ−
Experiments at LHC have already established upper bounds for events with rare decays t→ qZ
with q = u, c and with Z reconstructed from light leptons. In the model with colored scalar
a t-channel exchange of ∆(5/3) contributes to the t → cτ+τ− decay. In our model, the decay
t→ cτ+τ− is described by the effective Lagrangian that is induced by the ∆(5/3) exchange (3.26)









The differential decay rate of the t→ cτ+τ− decay given is given in terms of normalized invariant







48|A|2 ŝ (1− ŝ) + |B|2
(
11 + 20ŝ− 13ŝ2
)]
, (3.67)
where we can neglect tiny SM contribution. The Wilson coefficients A and B are expressed by












The values of the above couplings are constrained by B → D(∗)τ ν̄, τ → µγ, and perturbativity
requirement. We use these constraints to derive the plane of predictions of t → cτ+τ− and
D̄0 → τ−e+ in Fig. 3.8. Note that the branching fraction of top decay below the Z peak,
(|m2ττ −m2Z | < mZΓZ) is of the order 10−9.
D̄0 → τ−e+
This process is, in our model, described by the following effective Lagrangian, which, after the












However, only the scalar operator contributes to the decay width. This width is suppressed by
small coupling to e, tiny phase space by the Vub element of CKM matrix and by the smallness
of the phase space



























Figure 3.8: Predictions of the branching fractions of t → cτ+τ− under the Z → τ+τ− peak
(|m2ττ −m2Z | < mZΓZ) and D̄0 → τ−e+. The dashed line shows where the perturbativity to the
GUT scale holds. The contour coding is the same as in Fig. 3.7.
The combined effect of all suppression factors renders the branching fraction of this decay in the
ballpark of 10−15 if perturbativity to the GUT scale is required (see Fig. 3.8). Relaxing this
criterion can increase branching fraction up to 1 order of magnitude.
3.4 Summary
In the first part of this chapter we have interpreted measured deviations from the SM predictions
in the b → c(u) transitions as the sign of the LFUV in the processes that involve the third
generation of SM leptons. We introduced the set of the higher order effective operators that
parametrize the presence of the NP that can induce the violation of the lepton universality. Then
we performed fits of the three LFUV ratios R(D(∗)) and R(π) to the effects of the these effective
operators. We found that the MFV structure of the effective operators is currently not preferred
as an explanation of the observed deviations, and that the presence of right-right vector and
right-left scalar currents of more general flavour structure fits better. We then consider several
explicit models in which the required effective operators can be generated. We find that none of
the four NFC 2HDM is preferred as a solution. The 2HDMs of more general flavour structure
fit better in this context, but at the price of the tuning of the parameters. We also explore
the possibility that the LFUV originates from the models of dynamical electro-weak symmetry
breaking in which the SM fermions of the third generation are (partially) composite.
In the second part of the chapter we explored the possibility of introducing a single light
leptoquark state in order to accommodate the observed deviation from the SM prediction of the
ratios R(D) and R(D∗). Of all possible scalar and vector states with renormalizable couplings we
have identified a scalar leptoquark with the SM quantum numbers (3, 2)7/6 as the most suitable
one.
In the framework of effective theory for semileptonic decays the tree-level exchange of charge-
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2/3 component of this leptoquark introduces a new operator, a particular combination of scalar
and tensor currents, that interferes constructively with the vector current of the SM. We intro-
duced the minimal set of the Yukawa couplings of this leptoquark to SM leptons and quarks.
These couplings are adequate to explain the discrepancy in b→ cτ ν̄ transitions without disturb-
ing flavour changing processes involving first two generation of quarks and leptons.
Regardless of the careful choice of the Yukawa couplings for the charge-2/3 component of
this leptoquark, the charge-5/3 component will nevertheless induce lepton and quark flavour
changing processes. We analyze in detail the constraints imposed by the processes which occur
at the one-loop level in this scenario: Z → bb̄ decay, value of the muon magnetic moment, lepton
flavour violating decays µ→ eγ, τ → µγ, eγ, and τ electric dipole moment.
After the analysis of phenomenological constraints on Yukawa couplings of leptoquark we
consider the interplay between these constraints and the mass generation mechanism for charged
leptons and down-type quarks in a GUT framework. We find that the minimal set of Yukawa
couplings is compatible with the SU(5) unification and also specifies all matter mixing parameters
except for one angle in the up-type quark sector. We present predictions for the proton decay
signatures through gauge boson exchange, as a function of that angle, and show that p →
π0e+ process is suppressed with respect to p → K+ν̄ and even p → K0e+ in some parts of
available parameter space. The ansatz yields ratios between the leptoquark couplings that mimics
mass hierarchy in the down-type quark and the charged lepton sectors. In order to preserve
perturbativity at the GUT scale we require the constraints on the |y33| and |z̃23| couplings at





We started our studies with the semileptonic decays of B mesons and arrived to the models that
may originate from the GUT frameworks. This illustrates how the experimental findings have
potential to motivate interesting journeys through the world of flavour physics.
The semileptonic b→ c transitions potentially host the accessible new physics and may offer
some pleasant surprises when the near future experiments like Belle II at SuperKEKB Collider1,
with targeted luminosity of 8 × 1035cm−2s−1, start to perform measurements. Some of the
angular observables that we introduced in the Chapter 2 could be measured in this experiment.
It could be that the SM theory describes Nature to even higher energy scales than was
previously believed. We shall never be able to directly probe physics of very high energy scales,
but we may hope that intensity and precision frontiers may reveal to us some of the Nature’s
best kept (short distance) secrets. The new precise flavour experiments and new LHC runs are
awaited with considerable excitement. We are lucky that we live in the era when the journeys
beyond the Standard Model are led by the experiment.
In the recent past we witnessed several "disagreements" between the experimental findings
and SM’s expectations that were subsequently diminished after more involved experimental and
theoretical analysis. Such events initiate lot of interesting work and are important for the progress
in our understanding of the particle physics. It is also important that we devise new observables
in which the presence of non-standard effects can be searched for. It is certain that there is a lot
work that waits to be done.
1See their Web site http://belle2.kek.jp/
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In this appendix we attach the formula for the four-body final phase space, needed for calculations
of the B → (D∗ → Dπ)`ν` differential decay distributions. The differential decay rate is given











The four-body final phase space integration volume can be decomposed into the product of the
differential elements of the two body phase spaces. Therefore, for the completeness, we remind
ourselves of the derivation of the formula for two-body phase space (PS). The PS element is
Lorentz invariant quantity so we can choose any suitable reference frame to evaluate it. In the
rest frame of two body system, P = p1 + p2 = (
√









































































where λ(x, y, z) is the Kallen’s triangular function, already defined in the section 2.3,
λ(x, y, z) = x2 + y2 + z2 − 2(xy + yz + xz). (A.4)
















































































(2π)4δ(P − p1 − p2 − p3 − p4). (A.8)







(2π)4δ(q12 − p1 − p2)θ(q012)δ(q34 − q3 − q4)θ(q034). (A.9)







(2π)δ(s12 − q212)2πδ(s34 − q234), (A.10)
in which the s12 is "mass squared" of the "particle" that has four-momentum q12. After the












(2π)4δ(q12 − p1 − p2).
(A.11)
In the above calculation E12 is integrated over using the delta function and step function con-














(2π)4δ(q12 − p1 − p2)(2π)4δ(q34 − q3 − q4)(2π)4δ(P − q12 − q34).
(A.12)
The integration volumes d
3pi
(2π)32Ei
are Lorentz invariant and may be represented in the "rest
frame" of q12 to perform the integrals over p1 and p2. We know from the equation (A.7) that in














with λ12 ≡ λ(m21,m22, s12). Angles θ12 and φ12 are now defined in the q12 rest frame. Analogous
















































and λ̄ ≡ λ(s12, s34, s). We arrive to the final formula which gives the four-body phase space











































Anomalous dimensions of scalar and
tensor operators
Calculations in Quantum Field Theory (QFT) often lead to appearance of divergences (cut-off
dependences) that need to be subtracted to give the finite results for Green’s functions. The
subtraction can be defined at some Euclidean momentum q2 = µ2 which leads to appearance of
the mass scale µ in the theory. This scale is arbitrary and the physical observables should be
independent of its value. The physical independence is expressed through the µ independence of
the bare Green’s functions, which are functions of bare couplings, and cut-off Λ (which makes
them finite).1 This leads to well-known Renormalization Group (RG) equations for renormalized
Green’s functions. The Green’s functions with the insertion of local operators appear in the
effective theory calculations and lead to additional divergences that need to be subtracted by
additional multiplicative renormalization factors.
In this appendix we discuss the anomalous dimensions of (axial)vector, (pseudo)scalar and
(pseudo)tensor flavour-non-singlet current operators at one loop. Consider GnrenOi(g,m, µ), the
renormalized n-point Green’s function with the additional insertion of operator Oi. We write









where Z2 denotes constant or products of constants that renormalize the fields contained in
a n-point function, and Zji matrix subtracts the additional divergences coming from operator
insertions. The matrix Zij may be non-diagonal, and operators mix under the renormalization.















where anomalous dimension of the operator is given by




The beta functions and anomalous dimensions of masses and fields are defined as usual. We do
not deal with the examples of the operator mixing through the renormalization; the further expo-
sitions with examples of this possibility are given i.e. in [36]. If the theory has continuous global






Figure B.1: Diagrams relevant to calculation of one-loop anomalous dimension of operator. (a)
insertion of the operator in the vertex, (b) one loop QCD correction to vertex, (c) external leg
corrections, (d) vertex counterterm, (e) external leg counterterm.
symmetry, there is conserved current ∂µjµ = 0 with the corresponding time independent charge.
Conserved currents do not acquire the anomalous dimensions in the presence of renormalization,
for the anomalous dimensions would be inconsistent with the commutation relation
[Q,φ(x)] = δφ(x), (B.4)
which requires the charge to be dimensionless. In the above relation conserved charge Q plays the
role of the generator of symmetry transformation, and φ denotes some generic field. We conclude
that γJ = γQ = 0. This is also true if the conservation of the current is spoiled, ∂µjµ = D,
by softly breaking operator D, which has scaling dimension less than four. The example is the
breaking of the chiral symmetry of the QCD by the quark mass operator which is of dimension
three. In our analysis we use the mass independent renormalization scheme such asMS in which
beta functions and anomalous dimensions are all mass independent, so that they cannot depend
on the mass terms such as softly breaking operators of dimensions less than four. We can show











where φ(x) denotes generic fields inside of the correlation function, and T denotes time ordering.














The only way the above equality is satisfied for arbitrary fields φ(xi) is that the following holds:







Therefore, the anomalous dimension of partially conserved current is vanishing and the anomalous
dimension of current D(x) is retrieved.
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For charged vector and axial vector electroweak currents, we use the following identities in
momentum space:
qµj
µ = (md −mu)ū(p′)d(p)
qµj
µ,5 = (md +mu)ū(p
′)γ5d(p).
(B.8)
Using the formula (B.7), we find that anomalous dimensions of vector and axial vector currents
are vanishing, and anomalous dimensions of scalar and pseudo-scalar currents are equal to the
anomalous dimension of quark mass term, γψ̄γ5ψ = γψ̄ψ = γm. We now sketch the calculation of
quark mass operator anomalous dimension in QCD.
Green’s function of the q̄q operator with quark fields is written as:
G(2,1)(x, y, x1) = 〈q(x)q̄(y)[q̄q](x1)〉. (B.9)











G(2,1)(x, y, x1) = 0. (B.10)
To leading order in αs, the above equation implies
γm ≡ γq̄q = µ
∂
∂µ
(−δq̄q + δ2), (B.11)
where δ2 is quark field counterterm and δq̄q is operator vertex counterterm, see Fig. (B.1). Note
that the individual counterterms are dependent on the gauge, but the formula (B.11) makes sure
that the result is gauge invariant.
The one-loop counterterms for external quark leg and vertex counterterm in dimensional regu-























which also gives us the anomalous dimensions of scalar and pseudo-scalar currents. In addi-
tion we calculate the one-loop anomalous dimension of tensor current, ψ̄σµνψ. In Fig. (B.1)
(b), we insert the σµν matrix in the place of the blob and use the formula (B.11). The result is
γT = 8/3
g2
(4π)2 , and it implies also for pseudo-tensor tensor operator which contains an additional
γ5, in the spirit of argument in (B.7).
Let us now turn to the equation (1.29). The relation between the Wilsonian approach to
renormalization theory with the explicit cut-off, and the approach which uses dimensional reg-
ularization with mass independent subtraction (MS for example) is not obvious. The former
approach has given a clear physical picture and explained why the appearance of the divergences
in QFT is in no way sign of the inconsistency, while the latter approach is simpler for practical
calculations, because dimensional regularization preserves the gauge invariance in non-abelian
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gauge theories. Nevertheless, the result (1.29) can be used together with the dimensional regu-
larization, and once the cut-off is fixed all terms in the Lagrangian are bare and independent of






Oi = 0, (B.14)






ci = 0. (B.15)



































where c0 and b0 are leading order coefficients in anomalous dimension of operator and beta




In this Appendix we collect various results which are conveniently left out from the main text.
Explicit form of the second and the third contributions in formula (2.22) are given by
|AD∗0 |




































































































































m2Dπ −m2R + imRΓR
. (C.3)
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(1− q2/m2Bc)(1− σ1q2/m2Bc + σ2q4/m4Bc)
. (C.4)
The value of physical mass of Bc meson is mBc = 6.4 GeV. The parametrization of form factors
f0, A1, A2, T2 and T3 is given by
f(q2) =
f(0)
1− σ1q2/m2Bc + σ2q4/m4Bc
. (C.5)
The values of parameters f(0), σ1 and σ2 were calculated in Ref. [52] and are collected in the
below table.
Table C.1: The parameters that determine B → D(∗) form factors in (C.4), (C.5) taken from Ref. [52].
B → D B → D∗
f+ f0 fT V A0 A1 A2
f(0) 0.67 0.67 0.69 0.76 0.69 0.66 0.62
σ1 0.57 0.78 0.56 0.57 0.58 0.78 1.40
σ2 0.41
Using the covariant tensor approach which is introduced in the section 1.6, one can relate the
tensorial form factors for the B → D∗ transition to corresponding (axial)vector form factors:
T1(q
2) =

































































Table C.2: Feynman rules for scalar couplings to neutral gauge bosons.
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C.0.1 Definitions of polarization vectors
We calculate the hadronic helicity amplitudes in the rest frame of decaying B meson. In this ref-
erence frame, the components of polarization vectors of the D∗ meson, ε(m) and the polarization
vectors of `− ν pair, ε̃(m) are given
ε(±) = 1√
2
(0, 1,±i, 0), ε(0) = 1
mD∗
(|q|, 0, 0, ED∗), (C.7)
ε̃(±) = 1√
2
(0,±1,−i, 0), ε̃(0) = 1√
q2
(|q|, 0, 0,−q0), ε̃(t) =
1√
q2
(q0, 0, 0,−|q|), (C.8)
respectively, where
q0 =








On the other hand, the leptonic helicity amplitudes are calculated in the center-of-mass frame of
a `− ν pair. In this reference frame, the longitudinal and timelike polarization vectors of `− ν
pair are:
ε̃(0) = (0, 0, 0,−1), ε̃(t) = (1, 0, 0, 0), (C.10)
while the transversal polarization vectors ε̃(±) remain unchanged from (C.8). The components
of the 4-momenta of charged lepton and (anti)neutrino are defined in this frame wrt definition
of coordinate system in Fig. 2.2
pµ` = (E`, −|p`| sin θ` cosχ, |p`| sin θ` sinχ, −|p`| cos θ`),


















Standardni model je ne-Abelova umeritvena teorija, ki opisuje interakcije v vseh opazovanih
poljih spina 0,1/2 in 1. Temelji na umeritveni grupi SU(3)c × SU(2)L × U(1)Y , kjer je SU(3)c
umeritvena grupa QCD-ja, SU(2)L faktor predstavlja grupo simetrije šibkega izospina in U(1)Y
predstavlja grupo hipernaboja. Ustrezno temu obstaja dvanajst umeritvenih bozonov, osem(g)
od SU(3)c in štirje elektrošibki bozoni: W±, Z0 in foton (γ). Vsi razpoložljivi eksperimentalni
rezultati o elektrošibkih procesih se do današnjega dne strinjajo z napovedmi te teorije. Nekaj
opazovanj nakazuje na nepopolnost te teorije in motivira iskanje njenega razširjanja.
V tem delu raziskujemo semileptonske razpade B → D`ν` in B → D∗`ν`. Ti razpadi so v
SM-u posredovani z izmenjavo W bozona med sodelujočimi vektorskimi minus aksialnimi (V-
A) hadronskimi in leptonskimi toki. Ustrezna razvejitvena razmerja so reda velikosti (1 − 2)%.
Čeprav so ti razpadi predhodno analizirani predvsem zaradi določbe elementa Vcb CKM matrike
(glej [11]), pa so trenutno zanimivi s perspektive iskanja fizike izven SM. Procesi, ki vsebujejo
` = τ lepton v končnem stanju, vključujejo nove kinematične in dinamične efekte, ki niso prisotni
v slučaju lahkega, nabitega leptona ` = e, µ. Ti razpadi so občutljivi na prispevke vmesnih
nabitih Higsovih bozonov, ki so del več različnih ekstenzij skalarnega sektorja SM-a.
V zadnjih nekaj desetletjih so ti razpadi postali eksperimentalno dostopni in jih obsežno
raziskujejo v B-tovarnah. Ti eksperimenti proizvajajo veliko število mezonov B v procesu
e−e+ → Υ(4S) → B0B̄0. Trenutno sta najpomembnejši B-tovarni KEKB z Belle kolabora-
cijo in PEP-II z BaBar kolaboracijo. S postavitvijo velikega hadronskega trkalnika (LHC), se
je LHCb eksperiment pridružil vodilnim laboratorijem za raziskavo fizike okusov in ima velik
potencial za mnogo zanimivih meritev.
Šibki razpadi mezonov so neizogibno oblečeni v neperturbativne QCD interakcije, ki izvirajo z
velikih razdalj. Vsaka raziskava na tem področju zahteva poznavanje matričnih elementov tokov
med hadronskimi stanji. Možnost raziskave efektov kratkih razdalj je priskrbljena z efektivno
teorijo polja, točneje s faktorizacijo efektov kratkih razdalj skozi ekspanzijo produkta operatorjev







ki je tukaj normaliziran na Fermijevo efektivno sklopitev. Amplitude tranzicij iz začetnega v
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4.1. Uvod
končno stanje mezona so podane z





Koeficienti Ci(µ) so efektivne sklopitve, pogosto imenovane Wilsonovi koeficienti, po K.G. Wil-
sonu, čigar delo je v razumevanju efektivne teorije polja izjemno. Wilsonovi koeficienti vsebujejo
prispevke perturbativnih interakcij kratkih razdalj, medtem ko so matrični elementi operatorjev
oblikovani z neperturbativno QCD dinamiko. Strategije za evalvacijo teh matričnih elementov so
različne in vsebujejo: QCD pravila vsot, kiralno perturbacijsko teorijo, efektivno teorijo težkih
kvarkov, ekspanzijo za veliki-N in QCD, definirano na prostorsko-časovni mreži, ali kombina-
cije teh metod. Vse te računske metode neizogibno vsebujejo približke, ki vodijo do napak v
končnih rezultatih. V nekaterih primerih se te napake težko nadzorujejo. QCD na mreži je
sistematičen in dobro nadzorovan pristop, baziran na prvih principih in daje veliko pomembnih
rezultatov. Ostali pristopi so tudi dobro definirani in dajejo veliko vpogledov v močno sklopljeno
teorijo. Sklicujejo se na različne približke, katerih efekte na napake v končnih rezultatih težko
nadzorujejo. Navkljub hitremu napredku QCD-a in ostalih pristopov še vedno obstajajo nere-
šeni problemi, povezani z dinamiko razpada mezonov. Pomembno je iskati obstoj nestandardnih
efektov v procesih, v katerih so evalvacije prispevkov SM-a dobro kontrolirane. Pričakujemo, da
so med takšnimi procesi razpadi, ki vključujejo semileptonske tranzicije b→ c`ν̄.
Pričakuje se, da hadronske napake lažje kontroliramo zaradi nekaj poenostavitev, ki nastajajo
v sistemih, ki vsebujejo težki kvark. V limiti, v kateri gre masa težkega kvarka proti neskonč-
nosti (statična limita), se pojavijo nove okusne in spinske simetrije in omogočajo konstrukcijo
efektivne teorije težkega kvarka (HQET). Korekcije statične limite, ki so reda velikosti inverznih
potenc mase težkega kvarka, se lahko sistematično izračunajo. Še ena poenostavitev je asimpto-
tična svoboda QCD-a, ki omogoča perturbativne kalkulacije radiativnih korekcij na sklopitvene
koeficiente te efektivne teorije. Tudi če se ne da izračunati form faktorjev v HQET, ta teorija
povezuje različne matrične elemente in s tem zmanjša število neznanih form faktorjev na majhno
množico univerzalnih funkcij. Te pa lahko nadalje študiramo z uporabo različnih neperturbativ-
nih metod. QCD kalkulacije na mreži, ki vsebujejo dinamične težke kvarke trenutno ni mogoče
izpeljati zaradi omejenih računalniških zmogljivosti, ker bi potrebovale mreže z velikostjo cutoff-a
reda velikosti najmanj inverzne mase težkega kvarka. Kombinacija QCD-a na mreži in HQET je
v zadnjih letih prinesla nekaj napredka.
Nedavno obsežno raziskane opazljivke v procesih B → D(∗)`ν` so razpadna razmerja razpa-
dnih kanalov, ki vsebujejo τ leptone, normalizana na razpadna razmerja razpadnih kanalov, ki
vsebujejo lahke leptone v končnem stanju [13], [14].
R(D) =
Br(B → Dτν)
Br(B → D`ν) ,
R(D∗) =
Br(B → D∗τν)
Br(B → D∗`ν) .
(4.3)
Odvisnost od elementa CKM matrike in v določenem obsegu tudi hadronskih napak, se skrajšajo
v teh razmerjih. BaBar kolaboracija je nedavno predstavila meritve [16], [17] teh opazljivk in
našla signifikanten presežek nad pričakovanji SM-a [13], [14]. V literaturi so ta nestrinjanja
povzročila veliko mero zanimanja za b → c tranzicije. Te rezultate najprej interpretiramo kot
znake kršitve univerzalnosti leptonskih okusov (LFUV) in raziskujemo nekatere implikacije te
možnosti. Potem interpretiramo rezultate znotraj modela, ki vsebuje lahke skalarne leptokvarke,
ki lahko izvirajo iz teorije velikega poenotenja (GUT).
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Meritve razvejitvenih razmerij zadostujejo determinaciji matričnega CKM-a. Bolj precizne
preiskave efektov izven SM-a zahtevajo dodatne opazljivke, ki se lahko izpeljejo iz popolnih raz-
padnih porazdelitev. Predstavimo popolno kotno analizo procesov in nakažemo nekaj opazljivk,
ki so občutljive na nestandardne efekte in ne vsebujejo velikih hadronskih napak. Informacija o
teh opazljivkah se izgubi v integraciji po kinematskih spremenljivkah in ni dostopna iz razpadnih
razmerij. Popolna petdelna diferencialna razpadna porazdelitev v procesu B → D∗`ν` vključuje
člene, ki so proporcionalni imaginarnim delom interferencij med določenimi amplitudami. Ti
členi so ničelni v SM-u, ker so t.i. ”helicity” amplitude tam realne in so jih v dosedanji literaturi
zanikali. Ti členi imajo potencial odkriti imaginarne faze sklopitev izven SM-a.
4.2 Uvod v B → D(∗)`ν`
Amplituda razpadnega procesa B̄(p) → D+(p′) + l−(k1) + ν̄l(k2) je podana s kontrakcijo dveh
matričnih elementov: prvi je matrični element hadronskega toka hµ ≡ c̄γµ(1−γ5)b med začetnim
in končnim mezonskim stanjem; drugi pa matrični element leptonskega toka lµ ≡ l̄γµ(1 − γ5)νl
med stanjem leptonskega para in vakuuma
A = GF√
2
Vcb〈D(p′)|hµ|B(p)〉 × 〈l−(k1), ν̄l(k2)|lµ|0〉, (4.4)
kjer je Vcb ustrezen CKM matrični element. Matrični element leptonskega toka je podan z
〈`, ν̄`|lµ|0〉 = ū(k1)γµ(1−γ5)v(k2), medtem ko hadronski matrični element vključuje neperturba-
tivne QCD interakcije in je parametriziran s form faktorji. Oba B in D mezona sta psevdoskalarna
(JP = 0−), kar privede do izginotja aksialnega vektorskega hadronskega toka Aµ ≡ c̄γµγ5b med
tema dvema stanjema
〈D(p′)|Aµ|B(p)〉 = 0. (4.5)
To dejstvo izhaja iz Lorentzove kovariantnosti in ohranjanja paritete v QCD-u. Šibki vektorski
tok, ki spreminja okus hµ ni ohranjen, qµhµ ∝ (mb−mc), tako da sta potrebna dva form faktorja,
da bi se parametriziral njegov matrični element med dvema stanjema psevdoskalarnih mezonov,
〈D(p′)|Vµ|B(p)〉 = f+(q2)(p+ p′)µ + f−(q2)(p− p′)µ. (4.6)
Form faktorji so brezdimenzionalne funkcije kvadrata prenešene količine gibanja q ≡ p − p′ =
k1 + k2 , ki variira v fizikalnemu obsegu m2` ≤ q2 ≤ (mB −mD)2. Alternativna parametrizacija
matričnega elementa vektorskega toka, ki razdvaja komponente spina toka je konstruirana s form
















V razpadnem procesu, v katerem je v končnem stanju masivni nabiti lepton, (B → Dτν̄τ ) postane
pomemben prispevek totalni amplitudi, ki vključuje vektor časovne polarizacije leptonskega para.
Hadronski matrični elementi vektorskega in aksialnega vektorskega toka za tranzicijo iz mezona
B v vektorski meson D∗ so lahko parametrizirani z enim vektorskim form faktorjem V (q2) in
tremi aksialnimi [34] form faktorji A0,1,2,3(q2):












Slika 4.1: Shematski prikaz B̄ → D(∗)`ν̄` razpadov. Levi diagram predstavlja amplitudo v
standardnem modelu, desni pa amplitudo, inducirano z vmesnim nabitim skalarjem.
in
〈D∗(p′, ε)|c̄γµγ5b|B(p)〉 = i (mB +mD∗)
[
εµ −













2) + 2 imD∗





kjer ε(0,±) označujejo ustrezne polarizacijske vektorje D∗ mezona. Vektorji četverci, ki množijo
form faktorje V (q2), A1(q2) in A2(q2) so ortogonalni na qµ in predstavljajo del toka, ki ustreza
spinu ena, medtem ko A0(q2) predstavlja skalarni del, ki se lahko zanemari v primeru razpada,
ki vključuje lahki lepton v končnem stanju. Parametrizacija matričnih elementov v (4.8), (4.9)
in (4.7) temeljijo na generalnih principih Lorentzove kovariantnosti in paritete, tako da veljajo
v enaki kovariantni obliki, če zamenjamo B(D) in D∗ mezone s poljubnimi psevdoskalarnimi in
vektorskimi mezoni.
4.3 Popolne porazdelitve razpadov B → D(∗)`ν` in nova fizika
V tej sekciji izpeljemo podrobno analizo opazljivk, ki se lahko izpeljejo iz popolne diferencialne
porazdelitve razpadov B → D(∗)`ν`. Angularne porazdelitve so v teh procesih eksperimentalno
dostopne in sta jih v razpadih z lahkimi leptoni merili kolaboraciji BaBar in Belle, glej [65, 11].
Izberemo efektivni Lagranžian z uporabo minimalnega števila domnev. Domnevamo, da se v
končnem stanju pojavijo samo levoročni neutrini in da ima leptonski tok navadno, uveljavljeno
V −A Lorentzovo strukturo
lµ = ¯̀γµ(1− γ5)ν`. (4.10)






(1 + gV )c̄γµb+ (−1 + gA)c̄γµγ5b+ gSi∂µ(c̄b) + gP i∂µ(c̄γ5b)+
+ gT i∂ν(c̄iσµνb) + gT5i∂ν(c̄iσµνγ5b)
]






4.4. ”Helicity” amplitude v B̄0 → D∗+(→ D̄0π+)`−ν̄` procesih
l
B
Slika 4.2: Definicija koordinatnega sistema in kotov v procesu B̄ → D∗`ν̄`
Ta efektivni Lagranžian vsebuje hadronske (psevdo)skalarne gostote, ki se lahko povežejo z na-
vadnimi (aksialnimi) vektorskimi tokovi z uporabo ”Partially Conserved (Axial)vector Current”
(PC(A)VC) relacij.
4.4 ”Helicity” amplitude v B̄0 → D∗+(→ D̄0π+)`−ν̄` procesih
Najprej preučimo kaskadne razpade v katerih mezon D∗+ naknadno razpade v D̄0 in π+ končna
stanja. Polna diferencialna porazdelitev tega procesa je podana s
d5Γ











|A(B̄ → Dπ`ν̄`)|2, (4.12)
kjer je pD trodimenzionalna količina gibanja D mezona v inercialnem sistemu v katerem D∗
miruje. Kinematske variable so podane s: q2 je kvadrat gibalne količine leptonskega para, mDπ
je kvadrat invariantne mase Dπ para. Angularne variable so prikazane na sliki 4.2: θD je kot
med gibalno količino D mezona in z-osi, in θ` je ustrezni kot nabitega leptona v inercialnem
sistemu centra mase `ν` para. Azimutalni kot χ je definiran med ravnmi razpadov od W ∗ in D∗.
Totalna amplituda procesa je podana z
A(B̄ → Dπ`ν`) =
∑
R=D∗,D∗0
〈Dπ|HI |R〉〈R|hµ|B̄〉 lµBWR(m2Dπ). (4.13)






m2Dπ −m2R + imRΓR
. (4.14)
”Helicity” amplitude definiramo kot projekcije matričnega elementa danega toka (z izbranimi po-
larizacijami začetnega in končnega stanja) na polarizacijske vektorje polja, ki posreduje interak-
cijo z drugim tokom. Mediator v SM-u je virtualni W ∗ bozon. V naših primerih se polarizacijski
vektorji skladajo s polarizacijskimi vektorji `− ν` para.
Prvi indeks v hadronski ”helicity” amplitudi Hm,n predstavlja polarizacijski vektor D∗ me-
zona, drugi indeks pa predstavlja polarizacijo `− ν` para. Naslednje hadronske ”helicity” ampli-
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tude so neničelne:
H±(q
2) ≡ H±±(q2) = ε̃µ∗± 〈D∗(ε±)|hµ|B̄〉,
H0(q
2) ≡ H00(q2) = ε̃µ∗0 〈D∗(ε0)|hµ|B̄〉,
Ht(q
2) ≡ H0t(q2) = ε̃µ∗t 〈D∗(ε0)|hµ|B̄〉.
(4.15)









m′ = gm,m′ . (4.16)
za m,m′ = ±, 0, t. Leptonske ”helicity” amplitude so definirane na podoben način, s tem da so
hadronski tokovi zamenjani z leptonskimi, spinske projekcije vektorskega mezona pa so zamenjane
s spinskimi projekcijami končnega nabitega leptona. Uporabnost ”helicity” amplitud se kaže v
tem, da se vsaka amplituda procesa lahko napiše kot vsota produktov hadronske in leptonske




HλM ,mLλ`,m′gm,m′ , (4.17)
Hadronske ”helicity” amplitude se lahko izračunajo v sistemu v katerem B mezon miruje, medtem
ko se leptonske ”helicity” amplitude lahko izračunajo v sistemu ` − ν centra mase. Na ta način
sledimo analogni separaciji štiridelnega faznega prostora (glej dodatek A)
4.5 B → D(∗)`ν̄` in fizikalne opazljivke
Diferencialna razpadna porazdelitev procesa B → Dπ `ν̄` (4.12) je določena s kvadratom abso-
lutne vrednosti totalne amplitude
|A(B̄ → Dπ`ν̄`)|2 = |AD∗ |2 + |AD∗0 |
2 + 2<[AD∗A∗D∗0 ]. (4.18)
Preverili smo, da so efekti vmesne resonance D∗0 neznatni za opazljivke, ki so občutljive na
prisotnost nove fizike (NP) in se osredotočamo na člen |AD∗ |2, ki je dan z naslednjo, nekoliko
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obširno formulo




















































































Drugi in tretji prispevek sta podana v dodatku C.
Ker so ”helicity” amplitude realne funkcije v SM-u, so bili v dosedanji literaturi imaginarni
deli produktov ”helicity” amplitud v enačbi (4.19) zanemarjeni. Kakorkoli, BSM sklopitve iz
efektivnega Lagranžiana (4.11) so generalno kompleksna števila in lahko inducirajo merljive pri-
spevke zgoraj omenjenim imaginarnim delom. Konstruiramo opazljivke iz diferencialne razpadne
porazdelitve po kotu χ, ki so direktno proporcionalne imaginarnim delom teh interferenc. Če bi
meritev te opazljivke pokazala deviacijo od vrednosti nič, bi bil to jasen znak nove fizike.
Po integraciji popolne petdelne porazdelitve po vseh kotih, dobimo standarno formulo za


























kjer je Breit-Wigner-jeva funkcija integrirana,
∫
|BWD∗ |2dm2Dπ = 1.
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RHD*L

















































































Slika 4.3: Območja dovoljenih vrednosti efektivnih sklopitev v kompleksni ravni, ki izhajajo iz merjenih
razvejitvenih razmerij B̄ → D∗`ν procesov: a) dovoljene vrednosti gV Wilsonovega koeficienta iz raz-
merja R(D∗), b) dovoljene vrednosti gA iz merjenega razvejitvenega razmerja B̄ → D∗`ν kjer ` = e, µ
[65], c) dovoljene vrednosti gP iz razmerja R(D∗) d) dovoljene vrednosti gT iz razmerja B̄ → D∗`ν [65],
d) dovoljene vrednosti gT5 iz razmerja B̄ → D∗`ν [65]. Območja 68% C.L. so prikazana v zeleni barvi
95% C.L območja so prikazana v rumeni barvi.
Najboljša omejitev psevdoskalarne efektivne sklopitve prihaja iz razvejitvenega razmerja, ki
ga je izmerila BaBar kolaboracija [16] in vključuje τ lepton.
Nadaljujemo z raziskavo dostopnih kotnih porazdelitev. Najprej integriramo popolno diferen-
cialno porazdelitev v relaciji 4.12 po vseh kinematičnih spremenljivkah razen po q2 and cos θ`,





2) cos θ` + cθ`(q
2) cos2 θ`. (4.21)
Porazdelitev po cos θ` vsebuje tri koeficiente, ki dovoljujejo konstrukcijo treh neodvisnih opa-










Opazimo, da informacija, ki jo nosi koeficientna funkcija bθ`(q2) ni vidna v porazdelitvi po q2, in
posledično od totalne razpadne širine. Da bi ohranili to funkcijo, definiramo asimetrijo naprej-
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Tretja neodvisna opazljivka se lahko definira iz dveh funkcij aθ`(q2) in cθ`(q2) kot sledi
Aθ`L (q





Sedaj lahko testiramo občutljivost teh treh opazljivk na efekte dovoljenih vrednosti sklopitev
nove fizike. Reprezentativne vrednosti sklopitev so izbrane iz dovoljenih, 68% CL območij iz
slike 4.3 na tak način, da dajejo največje efekte na ustrezne porazdelitve. Primeri, ki kažejo
največjo občutljivost na novo fiziko so prikazani na slikah 4.4, 4.5 in 4.6.
Opazljivka Aθ`L (q
2) je edino občutljiva na efekte tenzorske in psevdotenzorske sklopitve kot







2) cos 2χ+ csχ(q
2) sin 2χ, (4.25)




















































Funkciji bc,sχ (q2) sta ničelni dokler ni interference z amplitudo, ki prihaja od vmesneD∗0 resonance.
To interferenco lahko zanemarimo pod pogojem, da je propagacija D∗0 dobro parametrizirana z
enostavno Breit-Wignerjevo obliko v enačbi (4.14). Porazdelitev po kotu χ da možnost konstruk-
cije treh opazljivk relevantnih za efekte nove fizike. Ena izmed njih je diferencialna razpadna
širina dΓ/dq2, ki je proporcionalna koeficientu aχ(q2) in je že upoštevana v (4.22). Ostaneta












Opazljivka Csχ(q2) je posebej zanimiva, ker je podana s koeficientom pred sin 2χ in je proporcio-
nalna imaginarnemu delu produkta hadronskih ”helicity” amplitud ter nosi informacijo o morebi-
tnemu obstoju CP kršitvene kompleksne faze efektivnih nestandardnih sklopitev. Velike deviacije
od SM-a so trenutno dovoljene v opazljivki Ccχ(q2), kot je vidno iz slike 4.5.
94
4.5. B → D(∗)`ν̄` in fizikalne opazljivke




























































Slika 4.4: Ilustrativni primeri efektov dovoljenih vrednosti efektivnih sklopitev na naprej-nazaj asime-
trijo Aθ`FB(q
2) v razpadih B → D∗`ν. Reprezentativne vrednosti sklopitev so izbrane iz 68% C.L območij
iz slike 4.3 tako, da dajo največje efekte na ustrezne porazdelitve.
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Slika 4.5: Občutljivost opazljivke Csχ(q2) = csχ(q2)/aχ(q2) na sklopitve nove fizike v B → D∗`ν razpadih
(` = e, µ). Vrednost te opazljivke v SM-u je ničelna.




2) + bθD (q
2) cos θD + cθD (q
2) cos2 θD, (4.28)















































Koeficient bθD (q2) je proporcionalen interferenčnemu členu z amplitudo, ki prihaja od vmesne
resonance D∗0 in jo zanemarimo zaradi majhnega prekrivanja propagatorjev od D∗ in D∗0 mezo-
nov.
Sedaj preštejmo število dodatnih neodvisnih opazljivk, ki jih lahko konstruiramo. Kotne
porazdelitve (4.21), (4.25) in (4.28) vsebujejo osem neničelnih koeficientov. Ko integriramo po
vseh kotih, vse te porazdelitve rezultirajo v dΓ/dq2. To pripelje do dveh pogojev, ki zmanjšata
število neodvisnih opazljivk na šest. Zenkrat smo že pokazali pet opazljivk, šesta pa se lahko
konstruira iz porazdelitve po θD. Izberemo lahko razmerje dveh diferencijalnih razpadnih širin,
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Transverzalna in longitudinalna diferencialna razpadna širina se lahko izločita iz kotne porazde-

























Ta opazljivka je občutljiva na prispevek psevdoskalarnega Wilsonovega koeficienta, ki prihaja v
”helicity” zmanjšano H0(t) ”helicity” amplitudo. Ustrezna občutljivost je prikazana na sliki 4.6.













Slika 4.6: Občutljivost opazljivke AL/H na gP sklopitev v razpadu B̄ → D∗τν.
Raziskujemo tudi opazljivke, ki se lahko konstruirajo iz popolne diferencialne razpadne po-













|A(B̄ → D`ν̄`)|2, (4.32)
kjer je q količina gibanja `ν̄` para v sistemu reference mirujočega mezona B. Dodatni tenzorski
matrični element je parametriziran z enim form faktorjem fT (q2) na naslednji način





Iz te definicije se lahko izpelje oblika matričnega elementa 〈D(p′)|c̄σµνqνb|B(p)〉, ki ga potre-
bujemo v naši analizi. Mezon D nima spina, edini dve neničelni hadronski ”helicity” amplitudi
sta:
h0,t(q
2) = ε̃µ∗0,t〈D|hµ|B〉. (4.34)





























Zdaj lahko izpeljemo območja trenutno dovoljenih vrednosti nestandardnih Wilsonovih koefici-
entov v kompleksnih ravneh slike 4.7.
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Slika 4.7: Dovoljene vrednosti efektivnega Wilsonovega koeficienta gP izpeljane iz merjenega razmerja
R(D). Območje 68% CL v kompleksni ravni je prikazano z zeleno barvo, 95% CL. območje je prikazana
z rumeno barvo.
Efekti vektorske in tenzorske sklopitve se skrajšajo v razmerju R(D), definiranem v enačbi (4.3).
Posledično uporabljamo merjeno vrednost razvejitvenega razmerja procesa B → D`ν, ki je dano v
Ref. [67], da bi našli dovoljena območja te sklopitve. Dovoljeno območje skalarnega Wilsonovega
koeficienta se lahko izpelje iz merjene vrednosti R(D) = 0.440 ± 0.072 [16], medtem ko za
tenzorsko sklopitev uporabljamo merjeno razpadno razmerje procesa B → D`ν.





2) cos θ` + cθ`(q
2) cos2 θ`. (4.36)











































Dovolijo nam konstrukcijo treh neodvisnih opazljivk. Če integriramo po cos θ` dobimo diferenci-














































Kot tretjo neodvisno opazljivko lahko izberemo koeficient cθ`(q2), normaliziran po diferencialni






Vpliv skalarne in tenzorske sklopitve na naprej-nazaj asimetrijo je prikazan na sliki 4.8. Opazimo,
da ta opazljivka ne vključuje prevelike hadronske napake in da trenutno dovoljuje velike deviacije
od napovedi v SM-u.





















































Slika 4.8: Občutljivost opazljivke Aθ`FB(q
2) v B → D`ν procesu na vrednosti nestandarnih sklopitev
vzetih iz dovoljenega območja iz slike 4.7.
4.6 Specifični modeli
Vpeljimo dve opazljivki R(D(∗)), definirani kot razpadni razmerji B → D(∗)τντ razpadov, nor-




Br(B → D`ν) ,
R(D∗) =
Br(B → D∗τν)
Br(B → D∗`ν) .
(4.41)
BaBar kolaboracija je maja 2012 objavila dokaz o presežku B̄ → D(∗)τ−ντ razpadov, [16]. Merili
so razmerja R(D(∗)) in našli presežek nad napovedmi SM-a, ki so podana v [13], [14]
R(D)exp = 0.440± 0.058± 0.042 [16], R(D)SM = 0.296(16) [13], [14],




Njihovi rezultati za R(D(∗)) so konsistentni s prejšnjo meritvijo Belle kolaboracije, [62], in so večji
kot pričakovanja SM-a za 2.0σ (2.7σ), s kombiniranim presežkom od 3.4σ. Rezultat temelji na
polnemu meritvenemu vzorcu 471 · 106 BB̄ parov, ki so producirani v e−e+ trkanju na energiji
centra mase ∼ 10.6 GeV , ki ustreza masi Υ(4S) resonance. Ko je resonanca producirana,
dominantno razpade v B̄B pare. BaBar kolaboracija je rekonstruirala τ leptone iz njihovih čistih
leptonskih razpadov. V primerjavi s prejšnjo meritvijo iz leta 2007, so izboljšali rekonstrukcijo
dogodkov in učinkovitost pridobljenega signala za faktor tri [63].
Glede na te rezultate je napoved SM-a R(D) študirana v Ref. [72] z uporabo kombinacije
eksperimentalnega vnosa na nizkem q2 in napovedih QCD-a na mreži za veliki q2. To rezultira
v napovedi R(D) = 0.31(2), in nekoliko zmanjša nestrinjanje z 2σ do pod 2σ nivoja.
Babarovi analizi [16] in [17] sta pokazali, da 2HDM tipa-II ne ustreza kot dobra razlaga
merjene anomalije. Ker se BaBarove meritve niso strinjale s teoretičnimi pričakovanji SM-a, je
sledilo veliko interesa za b→ c`ν procese.
Nekateri predlagani modeli v literaturi lahko razložijo te meritve. Modeli vključujejo 2HDM
bolj generalne okusne strukture [73, 75], MSSM, ki krši R-pariteto [77] in neuniverzalne levo-
desne modele [84]. Efekti nabitega skalarja so tudi raziskani v [74, 89]. Nedavno so bili v tem
kontekstu raziskani tudi modeli z lahkimi leptokvarki [80, 78], [79]. S tem povezano analiza, ki
vključuje tenzorski efektivni operator je predstavljena v [82].
Če bo anomalija BaBara z gotovostjo potrjena, bo implicirala kršitev univerzalnosti lepton-
skega okusa (LFU) v interakcijah, ki vključujejo leptone tretje generacije. Univerzalnost Fermi-
jevih interakcij muonov in elektronov je Pontecorvo predlagal že leta 1947. LFU v SM-u pomeni,
da leptonski tokovi vseh treh generacij nabitih leptonov interagirajo z W bozonom preko univer-
zalne sklopitve g2. LFU je zelo precizno testirana v razpadih pionov in kaonov, ki vključujejo
prvi dve generaciji leptonov v končnem stanju. V tem delu preučujemo kršitev LFU-a s strani
efektivnih operatorjev višjega reda, ki prihajajo od interakcij izven SM-a.
Preučujemo tudi fenomenološki model, ki vključuje lahek obarvan skalarni leptokvark, ki je
šibki dublet z ulomljenimi naboji |Q| = 2/3 in |Q| = 5/3. Izkaže se, da ta model lahko pojasni
opazovana razmerja R(D(∗)). Uvedemo minimalni nastavek za sklopitve Yukawa tega leptokvarka
na fermione SM-a. Ta nastavek lahko konsistentno vstavimo v SU(5) GUT in je kompatibilen z
generacijo fermionskih mas v tej teoriji. Raziskujemo tudi relevantne omejitve na ta model, ki
prihajajo iz fizike nizkih energij in izpeljemo nekaj napovedi za redke top in charm razpade.
4.6.1 Kršitev univerzalnosti leptonskega okusa(LFU) in b→ c(u) tran-
zicije
Poleg namigov iz b → c tranzicij, obstajajo tudi indikacije kršitve LFU iz leptonskih B → τν
razpadov. Zadnja povprečna vrednost razvejitvenega razmerja tega razpada je Br(B− → τ−ν̄) =
(11.4 ± 2.3) × 10−5 [98]. To je nekoliko večji rezultat kot kalkulacija, ki vsebuje Vub matrični
element iz globalnega CKM fita [9]. Po drugi strani je ekskluzivno semileptonsko razvejitveno
razmerje B(B → π+`−ν̄) = (14.6 ± 0.7) × 10−5 konsistentno z globalnim CKM fitom. Da
bi se izognili odvisnosti od CKM elementa vpeljemo razmerje dveh razvejitvenih razmerij in





B(B0 → π+`−ν̄) = 0.73± 0.15. (4.43)
Ocenimo vrednost tega razmerja v SM-u z uporabo zadnjih vrednosti razpadne konstante mezona
B in kalkulacije B → π form faktorjev na mreži [96]. Če uporabimo le rezultate iz območja
velikega q2 > 16 GeV2, je tenzija tega razmerja s SM rezultatom 1.6σ, kombinirana tenzija s SM
vseh treh razmerij, ki kršijo LFU je enaka 3.4σ.
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To tenzijo interpretiramo kot znak kršitve LFU in parametriziramo njen izvor z množico
operatorjev višje dimenzije, ki so generirani na skali, ki je iznad skale na kateri je zlomljena
elektrošibka simetrija. (v ' 174 GeV)





Qi + h.c. (4.44)
Najprej preučimo omejitve na nove Wilsonove koeficiente s predpostavko, da naenkrat prispeva
maksimalno en operator. Razložimo tudi implikacije na specifične modele v katerih se dani






Zahtevamo, da efektivni operatorji zadoščajo dvema kriterijema. Kot prvo, ne bi smeli vpe-
ljati FCNC tranzicije v sektorju down-kvarkov, ker so te že tesno omejene. Kot drugo, operatorji
ne vpeljejo kršitev LFU v procesih, ki vključujejo prvi dve generaciji leptonov. Operatorji naj-
nižjih dimenzij, ki lahko modificirajo R(D(∗)) in R(π) in zadovoljujejo zgornje kriterije imajo
naslednjo obliko [73]
QL = (q̄3γµτaq3)Lµ3,a , (4.46)









Notacija je pojasnjena v tretjem poglavju tega dela. Ostali operatorji, ki imajo masno dimenzijo
osem, se lahko reducirajo na zgornje operatorje z uporabo enačb gibanja ali pa ne prispevajo
procesu B → τν zaradi izginjajočih matričnih elementov teh operatorjev med stanjem B mezona
in vakuumom. Operatorji OiL,R so specifični za τ okus nabitega leptona, medtem ko v primeru
QiRL,LR kršitev LFU-a sledi iz ”helicity” potlačenja leptonskega toka.
Zahteva za odsotnost drevesnega FCNCja v sektorju down kvarkov je imponirana s poravnavo
okusa v down sektorju za operatorje QL,QLR in QiRL. Ostanejo še FCNC prehodi v up sektorju
c → uνν̄ in t → c(u)νν̄ tranzicije od operatorjev OL in QiRL. Vključimo tudi dodatni operator
masne dimenzije šest, ki vsebuje lahek nevidni fermion ψ , ki lahko oponaša manjkajočo energijo
neutrinov v procesu b→ uiτν [99]
QiψS = (q̄ibR)(l̄3ψR) . (4.50)
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Slika 4.10: Preferirana območja Wilsonovih koeficientov za efektivne operatorje QiR (leva slika kot funkcija
kompleksnega cR Wilsonovega koeficienta in εR je fiksirano na vrednost najboljšega fita), in za QiRL (desna slika
kot funkcija realnega cRL Wilsonovega koeficienta in parametra εRL). Barvni prikaz je kot na sliki 4.9
Slika 4.9: Preferirana območja sklopitev efektivnih operatorjev QLR (levo) in Qiψ (desno). 1σ (2σ)
območja so prikazana s temno modro (svetlo modro). 1σ omejitve iz R(D), R(D∗) in Rπ so prikazane s
polno, črtkano in točkasto linijo.
Raziskujemo efekte predstavljenih operatorjev znotraj njihove ”Minimal Flavor Violating”
(MFV) strukture. Ugotovimo, da se boljši fit dobi, če imajo operatorji bolj splošno okusno
strukturo, znotraj katere ni več relacij med b → C in b → u tranzicijami kot v primeru MFV.
Okusna struktura operatorjev QL in QLR je že fiksirana s pogojem okusne poravnave v down
sektorju. V primeru bolj splošne okusne strukture analiziramo operatorje Qiψ in QiR,RL, čigar
Wilsonovi koeficienti so parametrizirani z zcI = cI(Λ/v)
2 za b → c tranzicije in s zuI = εIzcI za
b→ u tranzicije.
Operator QiR reskalira razmerje R(D) s faktorjem |1− cR/(2Vcb)|2 in razmerje R(π) s faktor-
jem |1 + εRcR/(2Vub)|2. Vpliv na razmerje R(D∗) se lahko izračuna. Vpliv operatorja QRL se
dobi z enostavno modifikacijo računa za QLR.
Rezultat fita je prikazan na sliki 4.10. Vsa tri razmerja lahko pojasnimo s cR ' 0.04± 0.05 i.
Te vrednosti sklopitev vpeljejo prisotnost velikega prispevka, ki krši CP, vendar je zmanjšan z




Realizacije teh operatorjev lahko pogledamo v eksplicitnih modelih. Izkaže se, da noben izmed
NFC 2HDM ne razloži BaBarovega rezultata. 2HDM z bolj splošno okusno strukturo boljše
fitajo, vendar za ceno ”fine-tuninga”.
Modifikacije (semi)leptonskih tranzicij, ki vključujejo tretjo generacijo fermionov SM-a, so
možne tudi v scenarijih dinamičnega zloma elektrošibke simetrije in v modelih, v katerih je tre-
tja generacija fermionov popolnoma ali delno kompozitna [108]. V takšnih scenarijih so prispevki
operatorja QLR inducirani z menjavo kompozitnih vektorskih resonanc. Ustrezni Wilsonov koe-
























kjer sta gρ <
√
4π in mρ ∼ O(TeV) sklopitev in masa vektorske resonance, medtem ko je
mQ . O(TeV) masa fermionske resonance (Q) močnega sektorja, ki pod SM-om transformira
kot (3,2, 1/6).
4.6.3 Minimalno okusno začinjen obarvani skalar
Analiziramo scenarij, ki vključuje lahki skalarni leptokvark, ki je obarvani triplet in šibki dublet
s hipernabojem 7/6, da bi naslovili prej omenjeno anomalijo v opazljivkah R(D(∗)). Efekti
tega delca na semileptonske razpade so inducirani skozi minimalno množico sklopitev Yukawa s
fermioni SM-a. Za te sklopitve vpeljemo minimalni nastavek, ki vpliva na b→ c`ν` tranzicije in
je konsistenten z ozkimi omejitvami, ki prihajajo iz redkih razpadov charm in strange mezonov
in τ leptonov [105, 110]. Ta leptokvark označimo s ∆ ≡ (3, 2)7/6. Njegove sklopitve Yukawa na
fermione SM-a so podane z naslednjim Lagranžianom
L = `R Y ∆†Q+ ūR Z ∆̃†L+ h.c. . (4.52)
Izberemo masno bazi down-kvarkov in nabitih leptonov v kateri so vse relativne rotacije pri-
pisane neutrinom in up-kvarkom. Prehod v to bazo se dobi z rotacijami uL → V †CKMuL in
νL → VPMNSνL, kjer je VPMNS Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrika meša-
nja neutrinov. V tej bazi nedvoumno definiramo Y in Z matrike. Dve izospinski komponenti
obarvanega skalarja ∆(2/3) in ∆(5/3) se vežeta na fermione skozi naslednja Lagranžiana:
L(2/3) = (¯̀RY dL) ∆(2/3)∗ + (ūR[ZVPMNS ]νL) ∆(2/3) + h.c. , (4.53)
L(5/3) = (¯̀R[Y V †CKM ]uL) ∆(5/3)∗ − (ūRZ`L) ∆(5/3) + h.c . (4.54)
Procesi, ki spreminjajo okus v prvih dveh generacijah kvarkov in leptonov, se dobro ujemajo s
parametri CKM in PMNS matrik. Ta strinjanja ne kršimo, če vpeljemo novo leptokvark stanje
z minimalnimi sklopitvami Yukawa, ki jih potrebujemo za pojasnitev b → cτ ν̄ razvejitvenega
razmerja. Zahtevamo le neničelno sklopitev ∆(2/3) s τ̄ b ne pa z b̄µ ali b̄e, kot je vidno iz neopa-
zovanja anomalije v b → c`ν̄, s ` = e, µ. Zahtevamo tudi, da se samo c kvark in ne u ali t veže
na neutrine. Te zahteve vodijo do naslednjih matrik
Y =
0 0 00 0 0
0 0 y33
 , ZVPMNS =





Yukawa sklopitve ∆(5/3) so povezane z zgoraj navedenimi skozi CKM in PMNS rotacijami:
Y V †CKM = y33






 , Z =
 0 0 0z̃21 z̃22 z̃23
0 0 0
 , (4.56)
kjer so z̃2i linearne kombinacije z2j s koeficinti, podanimi z elementi PMNS matrike. Trdimo da
je zgoraj navedeni nastavek kompatibilen z SU(5) teorijo in je ohranjen pod renormalizacijo do
visokih energetskih skal, ki so povezane s poenotenjem.
4.6.4 (3, 2)7/6 in b→ cτν tranzicije
V vseh prejšnjih raziskavah BaBarove anomalije so bili prispevki efektivnih operatorjev vpeljani v
razpadno amplituto na individualni bazi. Morebitni efekti šestdimenzionalnega štiri-fermionskega
operatorja (c̄RσµνbL)(¯̀RσµννL) so prikazani v Ref. [82]. Naš leptokvark model istočasno rezultira
v tenzorskem prispevku tega tipa in (psevdo)skalarnemu operatorju. Potem, ko ven integriramo
(3, 2)7/6 leptokvark polje na drevesnemu redu in izvedemo ustrezno Fierzovo transformacijo na












kjer je m∆ masa izospinske komponente leptokvarka z nabojem |Q| = 2/3. Wilsonova koeficienta
skalarnega in tenzorskega operatorja gS in gT , sta unikatno določena in korelirana. Zgoraj
omenjeni Lagranžian vpliva na semileptonske razpade s τ leptonom, vendar v nasprotju s SM-
om, neutrino v končnem stanju ni nujno ν̄τ . Edini del inducirane amplitude, ki interferira s
SM-om vsebuje ντ , tako da lahko zanemarimo člene v Lagranžianu, ki vključujejo druge okuse











Zanemarimo lahko male radiativne QCD korekcije, ki izvirajo iz razdalj manjših od mase lepto-
kvarka, kar pomeni, da sta skalarna in tenzorska sklopitev povezani na ujemajoči skali m∆









Hadronski (pseudo)skalarni in tenzorski operatorji v (4.57) imajo neničelno anomalno dimenzijo
pod interakcijami QCD. Odvisnost njihovih matričnih elementov od renormalizacijske skale se





































Koeficienti anomalne dimenzije so γS = −8, γT = 8/3 (glej dodatek B) ter dobro znani koeficient
β
(f)
0 = 11 − 2/3nf , kjer je nf število aktivnih okusov kvarkov. Relacija med Wilsonovimi
koeficienti, danimi v enačbi (4.59), velja na ujemajoči skali m∆ katero postavimo na m∆ ' 500
GeV. Koeficienti nato tečejo do skale mase b kvarka, to je µ = mb = 4.2 GeV. Na tej skali so
izračunani matrični elementi hadronskih tokov. Razlika med tekom gS in gT spremeni relacijo z
ujemajoče skale v naslednjo relacijo, ki velja na hadronski skali:
gT (mb) ' 0.14 gS(mb) (4.61)
4.6.5 Leptokvark ∆ in B → Dτν
Ekskluzivna razpadna amplituda za B → Dτν tranzicijo vsebuje hadronski matrični element
vektorskega toka, ki je konvencionalno parametriziran s form faktorjema f+(q2) in f0(q2) v
enačbi (4.7). Prisotnost tenzorskega operatorja zahteva dodatni form faktor fT (q2). Relevantna
parametrizacija je vpeljana v enačbi (4.33) in jo tukaj ponovimo





Kot ponavadi je ustrezni skalarni matrični element povezan s f0(q2) form faktorjem, kot je
prikazano v (2.5). Diferencialno razvejitveno razmerje se lahko izračuna iz naslednje formule
dBr
dq2





















































kjer je λ navadna triangularna funkcija λ(m2B ,m
2
D, q
2) = (m2B−m2D−q2)2−4m2Dq2. Konstantna
vrednost razmerja fT (q2)/f+(q2) = 1.03(1) je izračunana v modelu reference [52]. To razmerje
je enako ena v limiti težkega kvarka, v kateri sta oba form faktorja podana preko univerzalne
Isgur-Wisove funkcije z naslednjo relacijo f+(q2) = fT (q2) = mB+mD2√mBmD ξ(w). Oblike vektorskih
form faktorjev so podane v sekciji (1.7).
4.6.6 B → D∗τ ν̄
Kot smo videli v sekciji 4.1, matrični elementi vektorskih in aksialnih tokov, ki jih potrebujemo
za izračun amplitude procesa B → D∗τ ν̄ vključujejo en vektorski in tri aksialne form faktorje.
Mediacija (3, 2)7/6 leptokvarka inducira efektivni Lagranžian, ki vsebuje tenzorski operator, kar
zahteva poznavanje dodatnega tenzorskega form faktorja. Za parametrizacijo tenzorskega ha-
dronskega matričnega elementa uporabimo obliko, ki se nahaja v Ref. [82],
































Slika 4.11: Vrednosti skalarnega Wilsonovega koeficienta gS(mb) (gT (mb) ' 0.14 gS(mb)), ki so
konsistentne na 2σ z BaBarovo meritvijo razmerij R(D) (svetel obroč) in R(D∗) (temen obroč).
Območje 1σ (2σ) fitano na dve omejitvi je dvojno (enojno) črtkano.
Vektorski in aksialni form faktorji so podani v sekciji 1.7, enačba. (1.76). Tenzorski form faktorji
iz parametrizacije (4.64) so povezani z Isgur-Wisovo funkcijo v limiti težkega kvarka [82] kot sledi
T0(q
2) = T5(q
















Odvisnost funkcije hA1(w) od w je podana v enačbi (1.76). Ker se ta funkcija sklada z univerzalno
Isgur-Wise funkcijo v limiti težkega kvarka jo lahko uporabimo namesto funkcije ξ(w) v enačbi
(4.65).
Omejimo dovoljene vrednosti teh Wilsonovih koeficientov z uporabo BaBarovih rezultatov,
kot je prikazano na sliki 4.11, kjer so tudi prikazani rezultati fita na obe razmerji. Izpeljemo 1σ
razpon za Wilsonov koeficient gS na nizki skali
gS(mb) = −0.37+0.10−0.07 . (4.66)
Sklopitev gS na ujemajoči skali, definirani v enačbi (4.59), je reskalirana za faktor 0.64 če jo
primerjamo z zgornjo vrednostjo zaradi αS korekcij (4.60). V nadaljevanju raziskujemo še omeji-
tve na parameterski prostor našega modela, ki prihajajo iz leptonskih razpadov, ki kršijo število
leptonskega okusa (LFV). Kombinacija teh omejitev z mejami, ki prihajajo iz R(D) in R(D∗) je


























Slika 4.12: Omejitve na sklopitvah bτ (y33) in na cµ (z̃22), ki prihajajo iz 1σ območja od R(∗)τ/`
(tanko hiperbolično območje), 90 % CL zgornja meja na µ → eγ, τ → µγ in τ → eγ. Črtkan
okvir predstavlja območje znotraj katerega sklopitve ostanejo perturbativne vse do GUT skale.
Dvojno (enojno) črtkano območje je dovoljeno na 1σ (2σ).
Zaključek
V dizertaciji smo pričeli s semileptonskimi razpadi mezonov B in prišli do modela, ki lahko
izvira iz teorije poenotenja. To kaže, da lahko eksperimentalni rezultati privedejo do zanimivih
potovanj skozi svet fizike okusov.
Semileptonske tranzicije b → c lahko vsebujejo dosegljivo novo fiziko ter lahko prinesejo
nekatera prijetna presenečenja, ko bodo v bližnji prihodnosti eksperimenti, kot je Belle II začeli
izvajati nove meritve. Nekatere kotne opazljivke, ki smo jih navedli v drugem poglavju, bodo
morda izmerjene v tem eksperimentu.
Lahko se zgodi, da teorija SM-a opisuje naravo tudi do višjih energij, kot smo verjeli do
sedaj. Morda ne bomo nikoli mogli direktno preizkusiti fiziko zelo visoko energijskih skal, lahko
pa upamo, da nam zelo precizne meritve odkrijejo nekatere skrivnosti narave, ki niso neposre-
dno dosegljive. Z veseljem pričakujemo nove precizne eksperimente v fiziki okusa in nove LHC
meritve. Lahko smo srečni, da živimo v dobi, kjer potovanja izven SM-a vodijo eksperimenti.
V bližnji preteklosti smo bili priča nekaterim nestrinjanjem med eksperimentom in pričako-
vanji SM-a. Ta so kasneje izginila po bolj precizni eksperimentalni in teoretični analizi. Takšni
dogodki sprožijo veliko zanimivega znanstvenega dela in so pomembni za razvoj našega razu-
mevanja fizike delcev. Pomembno je tudi, da se izumijo nove opazljivke v katerih lahko iščemo
prisotnost nestandardnih efektov. Nedvomno je tu še veliko dela.
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